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OPTICAL PROPERTIES CP RARE EARTH THIN FILMS. 
J * G* KRIZEK, Eipl.Phys., (Prague) 
presented i n candidature f o r the.degree of 
DOCTOR OF FEILOSGFIIY 
October, 1973 
ABSTRACT 
Measurements have been made of the complex r e f r a c t i v e 
index of thin films of several of the rare earth elements i n the 
photon energy range from 0.33 -> 3.0eV, using a conventional 
ellipsometric method. The observations were c a r r i e d out at 
various temperatures between 4.2 and 3odk, corresponding to the 
diffe r e n t magnetically ordered phases of the elements neodyraium, 
gadolinium, terbium, dysprosium, holmiuro, erbium and ytterbium. 
I n the elements which show h e l i c a l ordering, no evidence 
was found for absorption at the gaps corresponding to the superzone 
boundaries. Instead the r e s u l t s suggest that magnetic ordering 
of any type i s seen i n a general way through diriect t r a n s i t i o n s 
between the exchange s p l i t l e v e l s of the band structure. The 
exchange energies estimated t h i s way are i n reasonable agreement 
with t h e o r e t i c a l values. Suggested locations are given for the 
regions i n k space corresponding to these "magnetic t r a n s i t i o n s " . 
The Drude contribution to the o p t i c a l conductivity has been 
obtained and the v a r i a t i o n of tf(w) _ for the different elements 
WsO 
i s i n good agreement with s t a t i c conductivity measurements although 
the magnitude of the opt i c a l constant i s in general larger by about 
15%.This i s presumably due to the eff e c t s of the j o i n t anisotropy 
of the electron relaxation times and v e l o c i t i e s at the Fermi 
surface. 
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CHAPTER - I 
. INTRODUCTION 
Even though the knowledge of the electronic .structure i s found to be 
p a r t i c u l a r l y important for the understanding of most of the physical 
properties of the metals, r e l a t i v e l y l i t t l e experimental evidence which 
leads to the determination of the electronic structure of Rare Earth metals 
has been reported so far. The extreme reactiveness of these metals presents 
a great obstacle i n producing single c r y s t a l s of s u f f i c i e n t quality to be 
able to use de Haas van Alfven e f f e c t j ultrasonic attenuation or s i m i l a r 
powerful methods of Fermi surface determination. One of the methods of 
ind i r e c t determination of the band .structure involves the investigation 
of the op t i c a l constants. Even though the complexity of the energy band 
structure of conduction electrons requires studies of single c r y s t a l s some' 
valuable information about the band structure can be achieved from the 
systematic investigation of the op t i c a l properties of the thin p o l y c r y s t a l l i n e 
-f-i-lniSi I n spite of the success'which o p t i c a l studies have had i n providing, 
d e t a i l s of the ele c t r o n i c structure of metals, r e l a t i v e l y few investigations 
have been made of the elements of the rare earth s e r i e s and there has been 
l i t t l e success i n correlating o p t i c a l constants with the d e t a i l s of the 
electronic band structure. Recent r e l a t i v i s t i c RAPW calculations have 
provided s u f f i c i e n t band d e t a i l to make closer examination of the o p t i c a l 
constants j u s t i f i a b l e . 
This encouraged -the present extensive study of the effects of the 
magnetic ordering on the opti c a l constants of the rare earths with.the aim 
of achieving a c o r r e l a t i o n with the calculated band structures. 
2. 
PHYSICAL PROPERTIES OF HAPJ: EARTII5 
A b r i e f summary of the physical properties of rare earths i s relevant 
in a report on the investigation of t h e i r band structure and o p t i c a l 
properties. For a more de t a i l e d review the reader i s referred to a mono-
graph by Taylor and Darby (1972). Special attentien i s given to the 
effects of various magnetization processes on the band structure of r.are 
earth metals (R.E.). 
2.1 E l e c t r o n i c configuration' 
The members of the group I l i a c f the periodic table (atomic Kos. 57 
to 71) are c o l l e c t i v e l y known as the *rare earths'. The lanthanides, as 
they are a l t e r n a t i v e l y c a l l e d , have very s i m i l a r chemical properties (see 
for instance Taylor and Darby). This iE due to the e s s e n t i a l l y unchanged 
outer electron configurations through the s e r i e s . A general representation 
of the electron configuration of the R.E. neutral atom i s 
((Xe) 4 d 1 0 4 f n 5 * 2 5 p V l ) 6 B ) 
where n increases from 0 to 14 from La (Z = 57) ^° ^u (S = 71) and (Xe) 
d ) 
denotes the Xenon core. Electrons 5d and 6s are regarded as outer 
electrons. These are removed to become conduction electrons i n the metallic 
state leaving a t r i v a l e n t ion core (with exception of £u and Yb which are 
divalent as discussed below). The properties of the t r i v a l e n t rare earths 
are related to those, of t r a n s i t i o n metals; because their outer electrons 
contain 5d-electrons. I n Eu the configuration with half f i l l e d s h e l l 
2 
.and two 6s electrons s l i g h t l y below the 5d .shell r e s u l t s i n t h i s element 
being d i v a l e n t . The s i m i l a r s i t u a t i o n occurs in Yb, which has the 4f s h e l l 
f i l l e d . Eu and Yb axe exceptional among the rare earths also for t h e i r 
c r y s t a l s t r u c t u r e . These properties place them among the a l k a l i n e earth 
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3. 
metals. The 4f s h e l l l i e s deep in the atom shielded by the 5 s aiid 5p 
s h e l l s and i s generally assumed to be t i g h t l y bound and l o c a l i z e d as 
discussed below. Radial d e n s i t i e s of the outer electrons may be seen i n 
the Pig. I I . 1 i l l u s t r a t i n g that the 4f s h e l l i s well l o c a l i s e d i n the core. 
2.2 C r y s t a l structure of Rare Earths presently under investigation 
In the temperature range presently under investigation ( i . e . 10° -
300°K) Gd, Tb, Dy, Ho, E r c r y s t a l l i z e in the hexagonal close packed 
structure while Nd i s double hexagonal and Yb i s face centred c u b i c * 
There are therefore no s t r u c t u r a l - t r a n s i t i o n s i n the above•range and t h i s 
fact i s used i n the discussion, of optical r e s u l t s (Section 6.1). 
2*3 Magnetic ordering i n Rare Earth metals 
2.3.1 4^_eie£"t£°liB 
Uncompensated-spin of the 4f electrons.gives r i s e to a complex magnetic 
behaviour of r.are earth metals. Ao i s discussed below, t h i s behaviour 
i s r e l a t e d to the "band struc.tur.e_of_the. conduction electr.ons_an.d s.o 
influences many, of the p h y s i c a l properties including optical properties. 
The magnetic properties are therefore discussed in some d e t a i l i n t h i s 
Chapter. I t i s generally believed that the 4f electrons i n the t a r e 
•earth metals except Yb, Eu and Ce are t i g h t l y bound i n the i o n i c core. 
This i s supported by the r e s u l t s of the measurements of ^ r ^ y , where 
( r ^ i s the average electron radius, from hyperfine f i e l d s and high temperature 
magnetic s u s c e p t i b i l i t i e s , both of which are s i m i l a r to those .of the i o n s . * 
2.3.2. Magnet _ic_st rueture s 
The magnetic structures of the 4f electrons below ordering temperatures 
.have been investigated by the neutron d i f f r a c t i o n technique (Koehler et a l 
.1?62, 1'9611 .1?63). . The complex nature cf the-magnetic 
structures i s shown i n the P i g . I I . 2 . As may be seen from F i g . I I . 2 Gd 
i s t r u l y ferromagnetic over the whole te;nperature range but nevertheless 
* Taylor* Darby (NW) 
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rirovides a v a r i e t y of spin orientations. Tb, Dy and ilo show a helical 
fi^ii-j arrangement in the i r antiferroma^jnetic region. The helical spir: 
arrangement i s given by an expression for the averages of the spin component 
Helical < S * > = < S ± > cos ( t ^ t + ) 
(Tb,Dy,Ho) < s ? > = < s l > Sin (^ R*. + lp ) 
= 0 I I . 1 
^"3/>is an average ionic spin component i n the basal plane, R'^  i s the 
radius vector of the i * t h atom. The quantity defines the turn angle 
of the h e l i x . As may be seen from F i g . I I . 3 the turn angle v a r i e s s l i g h t l y 
with temperature; CP i s c a l l e d the phase of the h e l i x . E r and Tm show 
another type of spin structure in the antiferromagnetic phase. I t i s given 
by the following expression for the spin components. 
Retype < S ^ > = <S*> = 0 
(Tm.Er) <S^COB + vf ) I I . 2 
<S„>is an average ionic spin component i n the hexagonal a x i s 
In some cases the spin structures of the rare earths are combinations 
of the above two types.' Magnetic f i e l d applied to a h e l i c a l spin structure 
transforms i t to a "fan structure" i n which the magnetization vectors *lor.j 
the z-axis are o s c i l l a t i n g functions of the distance and " o s c i l l a t e " about 
the f i e l d direction. Further increase i n the f i e l d strength above a 
c r i t i c a l value (H ) produces a f u l l collapse of a "fan structure" to the c 
p a r a l l e l spin alignment. The c r i t i c a l f i e l d i s a function of temperature, 
generally r i s i n g from a low value just above the Curie temperature to p„ 
maximum of some 30 kOe just below the Neel temperature. As an example; 
the c r i t i c a l f i e l d for Dy at temperature 90°K, i . e . 10°K above the Curie 
point (T ) , i s approximately 10C0 Oe. The antiferromagnetic ordering at 
temperatures s l i g h t l y above the Curie point may therefore be r e a d i l y trans-
44 
O 
X 
O 
x 
o 
y HQ^httizqifon 
Set Tb J)y Ho. Er Tm. 
S ' i g . I I . 4 Comparison of the s a t u r a t i o n moments of the heavy Rare 
E a r t h metals obtained from m a g n e t i s a t i o n and neutron 
d i f f r a c t i o n d a t a (from T a y l o r ,:; Darby ( 1 9 7 2 ) ) . 
5. 
formed into ferromagnetic ordering. This fac t i s l a t e r on used for studies 
of opt i c a l properties in ferro-and antiferromagnetic phases and the study 
of the Kerr e f f e c t . 
2.3.3. ii£^£^i9_PEi\£J,iri£ Ji nf| _conduc_tipn_eleqtron jBtates_ 
Magnetization cxirves combined with the neutron d i f f r a c t i o n data may-
give useful information about the influence of magnetic ordering on the 
conduction electron s t a t e s . The conduction electron p o l a r i z a t i o n resuitB 
i n an additional contribution to the observed magnetization which i s not 
measured during the neutron d i f f r a c t i o n (Koehler et a l 1962). Prom 
these types of experimental r e s u l t s shown i n Pig. I I . 4 we can estimate the 
conduction electron pol a r i z a t i o n which i s a measure of the reoccupation of 
conduction electron states due to magnetic ordering. As i s shown below 
the mechanisms giving r i s e to t h i s experimental fact are probably the most • 
important for the discussion of the opt i c a l e f f e c t of magnetic ordering. 
») IHHi-I lhiL0£>'_. 
I n the Section 2.3.1 the l o c a l i z e d nature of the 4f electrons was 
pointed out. I t follows that there i s a negligible overlap between 4f 
electrons on neighbouring ions and therefore no direct exchange interaction. 
However, T.are dearth metals show a great v a r i e t y of magnetic ordering and 
magnetic order i s possible up to 30Q°K. Rare Earth s a l t s , on the other 
hand, are paramagnetic i n the same temperature range although the l a t t i c e 
spacings between R.E. ions i n s a l t s are comparable with those i n the metals 
(for a review see Taylor and Darby 1972). 
In the theory, developed by Rudermann and Kitte.i (1954)J Kaisuya (195*0 
and Toaida (1957) and therefore frequently referred »a a& the R-*X-K-Y 
theory, the magnetic ordering in R.3L. metals occurs by means of sr* indirect 
exchange between the 4f-electrons of different atoms via. conduction electrons, 
i . e . the i n d i r e c t interaction between the l o c a l i z e d spins i s given by the 
6. 
s-f exchange interaction given by the Hamiltonian (see the above references) 
-f 4 £ A ( r - t . ) ^ . t . I I . 3 
where S, i s the spin due to the lo c a l i z e d 4f electrons on the s i t e . j J • 
given by the l a t t i c e vector "R*.; ~S, ~? are the conduction electron spin 
and radius vector r e s p e c t i v e l y , A ( ? - R.) i s the exchange i n t e g r a l of the 
s-f exchange. The sum i s over a l l l a t t i c e s i t e s i n the p r i n c i p a l volume 
of the c r y s t a l . The Ilamiltonian leads to an indire c t i n t e r a c t i o n between 
l o c a l i z e d spins: 
—> 
H = - T ( ? . - R .) IT. ~s*. i i .4 
l(R. - R.) i s the exchange i n t e g r a l of the in d i r e c t exchange between the 
lo c a l i z e d ions. The Fourier transforms of the above exchange integrals 
A and I have the following r e l a t i o n : 
i(t) - 4/N 1A«)'| 2X(t) n.5 
where H i s a number of atoms ( i n the sum I I . 3 ) i n the p r i n c i p a l volume 
of the c r y s t a l and XOD i s ^he generalized s u s c e p t i b i l i t y . Taylor and 
Darby (1972 Section 4.1) defined ")C(q) 
by the expression 
^ a l A / F (to f nf ^ 
IT-1" q q) 
K,n,n I I . 6 
where f ( £n(k*)) i s a Fermi-Dir'ac d i s t r i b u t i o n function corresponding to 
the energy eigenvalue £ndc) of the conduction electrons, n i s the band 
index, k i s the. electron wavevector, N i s the number of atoms per unit 
volume. The sum i s over a l l conduction electron, states | n,"lc> , In, k+q^* 
In the antiferromagnetic phase the wavevector Q of the periodic magnetically 
ordered structure, i . e . the "turn angle" wavevector defined by either of 
the equations I I T 1 or I I . 2 , corresponds to the maximum of the Fourier 
7. 
transform l(<J) of the exchange integral l ( R . - R.) (Coqblin 1971 ) • 
According to the equation I . 5 t h i s maximum corresponds to those "q* for 
which £ (k) = £. (lc+q) t i . e . i f "q" connects two points of the Fermi surface 
(as discussed by Evenson and L i u 196P). I t was found by Loucks (1968) 
that r e l a t i v i s t i c Fermi surfaces (see Section 2.4 below) of Rare Earth 
metals have large f l a t portions of the Fermi surface with "webbing features" 
for which the above condition may be s a t i s f i e d . Also the corresponding 
value of q i s comparable with Q measured experimentally. I t i s therefore 
apparent that conduction electrons play an important role i n the s t a b i -
l i z a t i o n of the antiferromagnetic ordering and gives an indirect•support 
to the r e l a t i v i s t i c band structure calculations (discussed i n Section 2*4) 
which are used for the interpretation of the. present r e s u l t s .in Chapter VI, 
b) S p l i t t i n g of_conduction ele_otron_ 1 e ve l_s due t,o_ferrom8jgne_t>ic_ 
In_the. case, of the motion of a .Blo.ch_e.l.e.c_tr.on_ in a . ferromagnetic 
metal the Bloch equation (A(4) i n Appendix A) would contain an additional 
perturbation term 
for magnetic exchange which i s given by equation I I . 3 . Suppose that 
ferromagnetic ordering occurs along the z-axis then the Bloch equation 
i s given by . . . . . . . . . . 
matrices. .The sum over 3 in the l a s t term i s over li l a t t i c e s i t e s of the 
pr i n c i p a l volume of the c r y s t a l . The exchange term in I I . 7 i s assumed to 
ordering_in Rare_Earths 
A(r - R .) S-S 
N 
1 3m 
I I . 7 
where s i s the spin index {b <* + i ) {(3 (j (5 ) (J are Pauli 
8. 
"be is o t r o p i c (Taylor and Darby, 1972) and has a translation symmetry of 
the l a t t i c e . Therefore the t r a n s l a t i o n a l symmetry of the wave function 
as a solution of equation I I . 7 i s i d e n t i c a l to that of those given 
"by equation A4 for a non-magnetic, metal. However, the r o t a t i o n a l symmetry 
of the s-f exchange i s d i f f e r e n t from the symmetry of the l a t t i c e . 
Consequently, l e v e l s £ n (k*) w i l l "be spin 
s p l i t by H g ^ interaction into two l e v e l s 6 n0^» S s s + 3 1 1 ^ h ^ i » -
as may be seen from the f i r s t order perturbation theory. The energy gap 
w i l l be [Wa+*oi! #t «/. 09 6 6 ) ] 
A F E R R O- S'AKS) II.8 
where S Z i s the ionic spin moment and A(k,lc) are diagonal matrix elements 
of the Hs_^ exchange inte r a c t i o n corresponding to wavevector k. Katrix 
elements A(Tcjlc) are ueually supposed to be functions of the difference 
k-k 1 from which we get (A(k tk) = constant « A(0) ) r i g i d exchange s p l i t t i n g 
of conduction bands over the whole B r i l l o u i n zone. In addition ^ f e r r 0 
was derived from the perturbation theory at zero temperature, T » 0°K. 
For f i n i t e temperature the above equation w i l l contain a temperature de-
pendent fa c t o r K(T) which i s proportional to the saturation magnetization 
of the ferromagnetic metal (Watson et a l 19^8) 
^ f e r r o = ^ A < 0 ) " "" n * 9 
Ferromagnetic exchange s p l i t t i n g of conduction bands in f«are earth metals 
i s therefore d i r e c t l y proportional to the magnetization. Exchange integral 
A(0) appears to be approximately constant through the sequence of heavy 
rare earths, and t h e i r band structures appear to be very s i m i l a r , (as' 
follows from the energy band calculations made by n at son et. a l . (1968), 
Keaton and Loucks (1968)). 
9-
c) AntiferromagTi eiic jDhase_ - Eup_erzon£ boundarie^s_ 
Band gaps a r i s e instead of the r i g i d s p l i t t i n g i f the l o c a l spin 
moments order i n either of the s p i r a l s of the antiferromagnetic order i n . 
heavy rare earths shown in P i g . I I . 2 . I n s e r t i n g either of the s p i r a l . . 
structures into the equation I I . 3 y i e l d s off-diagonal s - f exchange per-
turbation elements between the Bloch states for the electron waveveetors 
Tc -Tc' = + Q + f being the reciprocal l a t t i c e vector and1< being given 
by equation I I . 1 or I I . 2 . These matrix elements a r i s e between the states 
of l i k e spin' f or the Tm s p i r a l .and between s t a t e s |n,Ic^bf spin down and 
k + Q + T / of spin up for the h e l i c a l Ho type of structure. Band gaps 
occur when Q + c. connects a degenerate p a i r of the band s t a t e s . These 
gaps are, (Miwa 1963): 
• A T m t e KS A ( ^ - + - ? - ) — \p(t)\ 11.10. 
A H o - 2?-i'S A(5 + t ) |pCe)V 11.11 
where P (€) i s the structure factor P ^ ) • l / n • ^ . exp(iR.»t? ) 
summed over - ... the atomic s i t e s in a unit c e l l . E l l i o t et a l (1963 ( 1964) 
have shown that these gaps are important i n determining many p h y s i c a l 
properties, p a r t i c u l a r l y the turn angle and e l e c t r i c a l r e s i s t i v i t y . Watson 
et. aL, have estimated the s i z e s of these band gaps using resiiilts of non-
r e l a t i v i s t i c APW band calculations,, (tfatson et a l l.96£). Results have 
been obtained by perturbation of the nonmagnetic bands with a s p i r a l of 
the Tm structure and assuming the A(Q) ~ A(0) for the ferromagnetic Gd. 
Results are shown in the following Table I I . 1 . 
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TADLE I I . 1. 
i 
Estimates of the values of A for the heavy rare earth metals 
( A i s exchange, s p l i t t i n g due to magnetic ordering) 
ement A f e f r o ^ a n t i f e r r o S p i n w 
(.eV) CeV) 
Gd 0.61 - 7/2 
Tb 0.52 - 3 
Dy 0.44 0.44 5/2 
Ho 0.35 0*35 2 
E r 0.26. - 3/2 
Tra 0.17 - 1 
Prom the above i t i s c l e a r that "both types of magnetio ordering 
are l i k e l y to contribute to the optic a l e f f e c t s of magnetic ordering pro-
ducing anomalies at approximately the same photon energy, but not necess-
a r i l y i n the same shape. That means that i f there occurs an effect of 
superzone boundaries i n the antiferromagnetic phase i t should be generally 
recognisable from that of the exchange band s p l i t t i n g at the t r a n s i t i o n 
temperature between the h e l i c a l and the ferromagnetic ordering. 
2.3.4 E f f e c t of magnetostriction 
Magnetoelastic coupling i s another f a c t o r which may influence the 
band structure of conduction electrons. 
Magnetostriction has been found to be substantial i n the rare earth 
metals, p a r t i c u l a r l y i n the heavy ones (Clark et a l 19^ *5) • A.s an i l l u - f 
s t r a t i o n we quote F i g . I I 5 where the magnetostriction of Dy i s presented. 
I t may be seen that the magnetostrictive s t r a i n s i n the ferromagnetic phase 
of Dy correspond to changes i n the lat t i c e , constants by as much as 0.45» 
and-are increasing as the temperature decreases. The corresponding 
values for other Rare Earth metals are s i m i l a r l y high. The large values 
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of magnetostriction below the Curie point suggest that the magnetoslastic 
energy i s very large and plays an important r o l e in the s t a b i l i z a t i o n of 
the ferromagnetic order i n the r a r e earth metals. The above was suggested 
by Copper (1969) and supported by the spin wave spectra obtained by JT/Sller 
et a l (1968). 
From F i g . I I . 5 i t roay also be seen that during the t r a n s i t i o n from 
the antifefromagnetic to the ferromagnetic phase of By the l a t t i c e constant 
c. increases by approximately 0.1$ and the constants b, a decrease by 0.2$; 
the corresponding increase i n c/a r a t i o i s therefore 0.3/0. These changes 
in the l a t t i c e spacing may induce changes i n the one electron e f f e c t i v e 
potential of conduction electrons which i n turn produces s h i f t s i n the 
energy l e v e l s i n the conduction band. Thi3 may lead to the reoccupation. 
of some l e v e l s near to the Fermi energy ( E p ) . I t i s not l i k e l y that a new 
s p l i t t i n g of the l e v e l s due to magnetostriction w i l l occur since there i s 
a very l i t t l e difference between b and a-axis magnetostriction and the • 
hexagonal structure of the l a t t i c e i s therefore conserved during the process 
of magnetization. The reoccupation of the energy l e v e l s near to E„ may 
be investigated by o p t i c a l studies. 
According to the above analysis the most remarkable changes i n o p t i c a l 
constants are expected to occur on cooling below the t r a n s i t i o n temperature 
between the a n t i f e r r o and ferromagnetic phase where the l a t t i c e constant 
r a t i o c/a suddenly changes by 0.35&. However, as may be seen i n Section 
3*3*5 a) and Fesults i n Chapter V Section 5»4 the optical e f f e c t of magnetic 
ordering does not appear to depend on the s p e c i f i c type of the magnetic . 
order. This may therefore suggest that the reoccupation of the l e v e l s due 
to the magnetostriction i s not large enough to cause d i r e c t l y an op t i c a l 
e f f e c t . However, i t i s not. possible to make any conclusions i n t h i s matter 
u n t i l the band structure of rare earths f o r various l a t t i c e constants i s 
12. 
calculated and further experimental evidence, e s p e c i a l l y from single 
c r y s t a l s , i s a v a i l a b l e . 
2.3.5 £o)icluding_remarks_on ma^(it^c_orde_rinjg 
Prom analysie i n Sections 2.3.3 b) and c) .it i s evident that the 
band structure of a rare e a r t h metal i n an ordered phase can be deduced 
from the band structure, of the paramagnetic R.E. metal using the ordinary 
perturbation theory i n which the perturbation Hamiltonian i s given by 
the equation I I . 3 . The following section w i l l therefore be devoted to 
the r e s u l t s of the recent investigations of the band structures of R.E. 
metals i n the paramagnetic phase.. 
2.4. Band structure of conduction electrons of t r i v a l e n t R.E. metals 
As discussed above i n Section 2.1 the conduction electrons of t r i v a l e n t 
1 2 
R.E. metals are formed from 5d and 6s atomic s h e l l s . Because of strong 
mixing of s- and d- states that form a conduction band the calculated band 
structure-of-R-^E-. metals d i f f e r s markedly from- that of the free electron 
model. Instead i t c l o s e l y resembles those of the t r a n s i t i o n metals 
(Dimmock, Freeman 1964) the bands of which correspond to almost " t i g h t l y 
bound" electrons. I n the c a l c u l a t i o n of the Bloch functions which r e -
present conduction electron states care must be taken to choose an adequate 
method, i . e . the expansion over a set of functions which give the most 
rapid convergence. From the above i t i s c l e a r that plane wave expansion 
i s not the most adequate a l t e r n a t i v e . 
I t i s generally believed that band structures of R.E. metals are best 
calculated by means of the augmented plane waves (A?W) (see Loucks 196p)» 
I n t h i s model electrons are assumed to be t i g h t l y boimd to the atomic core 
within the sphere with i t s centre in the atomic nucleus and the radius 
comparable to the atomic radius or the interatomic distance. Outside the 
sphere electrons are assumed to be "free. Inside the so c a l l e d S l a t e r 
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sphere the electron wave functions are expressed in terms of an expansion 
of the atomic o r b i t a l s ; outside the sphere the functions are plane waves. 
This model expresses the mixed s - and d- character of the conduction electron 
s t a t e s . I n general there are two approaches in-which augmented plane 
waves are presented. - One i s based on the n o n - r e l a t i v i s t i c approachj i . e . -
both atomic o r b i t a l s and plane waves i n the above expansion are solutions 
of the Schrodinger equation. I n order to include r e l a t i v i s t i c e f f e c t s , 
namely the spin orbit i n t e r a c t i o n , the functions in the expansion are 
solutions of the Dirac equation. The method i s then c a l l e d R e l a t i v i s t i o 
Augmented Plane Waves (RAPW) method. The model potential inside the S l a t e r 
sphere, the muffin-tin p o t e n t i a l , i s a sum of the potential of the nucleus, 
the Coulomb repulsive p o t e n t i a l from both the electrons within the sphere 
and neighbouring atoms and the exchange potential energy from electrons 
within the sphere and neighbouring spheres. This complicated structure 
i s discussed i n d e t a i l by Loueks (1965) (*1B° computing-programme s--are-
included). I n most cases the calculated bands strongly depend on the 
chosen model potential. The band structure c a l c u l a t i o n i s not therefore 
s e l f consistent and needs comparison with experimental data. Kost of the 
experimental data comes from o p t i c a l investigations, measurements of density 
of states and Fermi surfaced studies. 
The n o n - r e l a t i v i s t i c APW band structure calculations have been made 
for Gd (Dimn-iOck and Freeman 1964), Y(Loucks 1966), Tm (Watson et a l 1968) 
and Ho (Williams et a l 1966).- The r e s u l t s show very s i m i l a r features 
for a l l the heavy elements. For most of the Rare Earths the spin-orbit 
interaction i s important and therefore r e l i a b l e band structures can be 
obtained only be means of r e l a t i v i s t i c (KAFW) band structure calculations.. 
These were reported by Keetohand Loucks (196£, 1966) for Gd, Dy, E r and 
Li i . A c a l c u l a t i o n for Tb has been reported by Jackson (19^9) • 
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The muffin-tin p o t e n t i a l inside the S l a t e r sphere was constructed 
from the charge densities which were themselves obtained by the r e l a t i v i s t i c 
s e l f - c o n s i s t e n t - f i e l d c a l c u l a t i o n s . Exchange was included using the 
S l a t e r ' s approximation (Loucfcs 1965)- This i s believed to be quite 
a reasonable approach to the calculation of e l e c t r o n i c structures of 
metals. The two cases of the atomic configurations, for instance the 
configurations 9 1 2 4f 5d- 6s " j were examined i n order to investigate how 
4f 1° 6 s 2 j 
s e n s i t i v e the r e s u l t s were to the potential. The r e s u l t s show quite a 
strong dependence of the energy band d e t a i l on the chosen p o t e n t i a l . 
However, the o v e r a l l features of the'energy band structure remain independent 
of the chosen potential. F i g . I I . 8 shows r e s u l t s of n o n - r e l a t i v i s t i c AP".v 
calculations for Gd. F i g . I I . 9 shows r e l a t i v i s t i c (RAPW) energy bands 
of Tb calculated by Jackson (1969). The corresponding B r i l l o u i n zone i s 
shown in the F i g . I I . 6 . The reader who i s not .familiar with the symmetry 
notations of the irreducible representations at the symmetry points i s 
referred to the Appendix A and a number of textbooks such as Callaway (19^V), 
K i t t e l (1963), Cornwell (1969) arid others. 
As may be seen from the comparison the main difference of RAPW bands 
from thpse of APVf i s at the symmetry point L where a large nesting oecurs 
above the Fermi l e v e l Ep for RAPW calculations and the band i s therefore 
empty while the corresponding APW band occurs f a r below Ej, and i s therefore 
occupied. Also some of the l e v e l s at the symmetry points K and K are 
s p l i t due to the r e l a t i v i s t i c e f f e c t s . However, the o v e r a l l features of 
the two band structures are quite .similar. Also calculated band structures 
for the different heavy rare earth metals have been found very s i m i l a r 
and therefore the above band structures may be regarded as common to a l l 
heavy rar*3 earth metals presently under investigation ( i . e . Gd, Tb, Dyt 
Ilo, E r ) (Keeton & Loucks (1968), Watson e t . a l . (1968)). 
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The "band nesting near to the point L corresponds to the f l a t portions 
of the Fermi surface, the so c a l l e d "webbing features", which are thought 
to have, a s i g n i f i c a n t value i n the s t a b i l i z a t i o n of the antiferromagnetic 
order ini heavy rare earths. The Fermi surface of a heavy rare earth metal 
i s shown i n the Fig.' 11.10. 
2.5. Transport Properties 
The theory of magnetic s p l i t t i n g of conduction electron states (Section 
2.3.3) predicts anomalies i n the . r e s i s t i v i t y v a r i a t i o n with temperature 
( E l l i o t 1 and Wedgwood 19&4) which provides a l i n k between o p t i c a l properties 
and e l e c t r o n i c properties of rare earth metals* 
' Such anomalies have been observed for a number of elements (Lodge 
T969). A t y p i c a l example of the r e s i s t i v i t y of a po l y c r y s t a l l i n e rare 
earth metal i s given i n F i g . I I . 7 • 
The close r e l a t i o n between o p t i c a l , e l e c t r i c a l and magnetic properties 
of rare earth metals can be used for both- the•interpretations of the r e s u l t s 
and, i n our case, served' as a useful check of the quality of measured 
samples (&ee R e s u l t s ) . 
2.6 Conclusion 
In the Section 2.3.3 i t was pointed out that magnetic oudering pro-
duces a s p l i t t i n g of conduction bands. Such s p l i t t i n g causes reoccupation 
of the l e v e l s near to the Fermi energy and new op t i c a l t r a n s i t i o n s associated 
with i t . Three mechanisms which are most l i k e l y to cause such s p l i t t i n g 
have been considered. These are ferromagnetic exchange s p l i t t i n g , energy 
gaps at the superzone boundaries and magnetostriction. I t was also 
pointed out that the exchange factor A (2* - RV) defined by the equation I I . 3 
i s approximately constant throughout the s e r i e s of heavy rare earths. Also 
calculated etiergy bands are very si m i l a r throughout the s e r i e s . 
I t may be' seen from the following Chapter that exchange s p l i t t i n g may 
16. 
be studied by means of o p t i c a l investigations. From s i m i l a r i t y of energy 
bands i n rare earths arid the f a c t that exchange constant A(0) i 3 approx-
imately constant throughout the s e r i e s we can make a study of the common 
energy band model by systematic investigations of "magnetic" o p t i c a l 
absorption bands of the rare earth metals. 
as a. -frfsr *fp/*ittm*Tla~. 
The other important f a c t i s that for such studies we can use^results 
of band structure calculations for non-magnetic rare earth metals. With 
t h i s i n mind, we have studied the effects of magnetic ordering on the 
o p t i c a l constants of the rare earths to investigate the degree of cor r e l a - ' 
t i o n with the calculated band structure. The r e s u l t s of t h i s investigation 
are described i n the following Chapters. 
17. 
CHAPTER I I I . 
OPTICAL F ROPl.RTII'fc OF HAH1J SARTU KL'TALS. 
3.1 Introduction 
I t was pointed out i n the previous chapter that magnetization 
processes produce changes in the band structure of Rare Earth metals* 
These changes may be investigated by o p t i c a l studies as described below. 
This chapter deals with the microscopic theory of optical properties of 
R.E. metals and gives a comparison with recently published experimental 
r e s u l t s . A b r i e f macroscopic de f i n i t i o n of opti c a l constants i s 
presented in.Appendix D. 
The o p t i c a l properties of R.E. metals are discussed i n . t h i s chapter 
i n terms of the behaviour of the r e a l part of the optical conductivity 
(o(ui) as a function of the angular frequency-id of the radiation. The- real, 
part of the o p t i c a l conductivity i s b r i e f l y referred to as the "optical 
conductivity' 1. _____ 
Since most of the R.E. metals under investigation have the hexagonal -
close packed c r y s t a l structure (Section 2.2) t h e i r optical constants are 
expected to be anisotropic and, s t r i c t l y speaking, the above defined.6(<J) 
should be always presented i n the tensor form. 
However, thiri' p o i y c r y s t a l l i n e films under investigation have,, from 
the macroscopic point of view, no preferred l a t t i c e orientation ' (Hodgson 
and Cleyet (19^9), Lodge (1969)). Hence, t h e i r apparent o p t i c a l con-
ductivity i s an average over a l l l a t t i c e d i r e c t i o n s . 
Prom the microscopic point of view the grains of the po l y c r y s t a l 
are single c r y s t a l s with anisotropic e l e c t r o n i c structure. Therefore, 
i n order to int e r p r e t , microscopically, the measured o p t i c a l conductivity, 
the sinisotropy of the band structure and o p t i c a l conductivity has to be 
considered bearing i n mind that the re s u l t i n g o p t i c a l conductivity i s an 
average over a l l l a t t i c e d i r e c t i o n s . 
. 1°. 
The formal connection of optical properties with "band structure 
presented in section 3i2 i s made through the tensor form of the opt i c a l 
conductivity; the 3 x 3 components of the tensor are denoted as 
On the other hand, the theory of free electron absorption (section 
uses isotropic values' of 6. The theory i s mainly used to derive some 
empirical parameters from i s o t r o p i c values of o p t i c a l constants needed 
i n the discussion of experimental r e s u l t s . 
3.2 Direct Interband Optical Transitions 
This section deals with electron t r a n s i t i o n s between the conduction 
bands i n a s o l i d caused by i n t e r a c t i o n with electromagnetic waves. The 
interaction Hamiltonian i s given by Callaway (1964-) . 
H . « ~ H - A» p - ~ A*>7 I I I 1 
rod me i.mo 
where e,m are ele c t r o n charge and mass, c i s the v e l o c i t y of l i g h t , 
i s Plank's constant A i s the vector potential of the electromagnetic f i e l d 
and i s the momentum operator of an electron. The s c a l a r p o t e n t i a l 
can be assumed to be aero for t h e ' f i e l d of an electromagnetic wave, so 
the e l e c t r i c f i e l d E i s given by the time derivative of tho vector 
p o t e n t i a l , i . e . 
t - L . 21 
~ ' b $ t 
JFhe__reai vector ppte.nt.i.al_Qf a t r a v e l l i n g wave of the. frequency U 
and wavevector "^ r a^ w i l l be represented by 
A ( r , t ) a A Q o<. exp ( i ( K r a ^ r-4*t)) + complex I I I 2 
conjugate ! 
i s the unit vector of the p o l a r i s a t i o n i n the di r e c t i o n of tho 
e l e c t r i c f i e l d . The t r a n s i t i o n probability between an occupied state 
| i) and an empty st a t e | j') due to the absorption of one radiation quantum 
^i<d i s given by Callaway-(1964) as , 
S = f I<j|«fc2i?^-«*«tj*)l*>f« 8i-«i-*''). i m 
g j t £ 4 are corresponding energy l e v e l s ; the (T-function indicates the • 
conservation of energy during the t r a n s i t i o n \ 0 ' - * l j } . The r e s t of 
the symbols are defined above. 
The rate of absorption of unit intensity electromagnetic radiation 
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per unit time and volume i s given "by read part of the tenBor of o p t i c a l 
conductivity (see a l s o Appendix D). 
Summing over a l l t r a n s i t i o n s \ i ) corresponding to. a s i n g l e 
frequency &, taking the occupation number of el e c t r o n i c states \ i } as 
(0^ into consideration, the r e a l part the tensor of optical conductivity \)gg 
along a p r i n c i p a l a x i s , sayf., i s given by (Kohn 19^5) 
^ W - J X ^ ^ I ^ - ^ ^ - ' ^ - H . .in* 
where (1 g i s the component of H r a ( i for the pol a r i s a t i o n along the 
coordinate axis indexed by i . e . 
l \ e ' - (e/2mc)o^ p^ e x p U ^ ^ • 
Since H r a^ does not depend on spin, the opti c a l t r a n s i t i o n matrix, element 
i n equation I I I . 3 i s zero i f the stat e s \ ij and correspond to different 
s p i n . The spin f l i p optical t r a n s i t i o n s are therefore not generally . 
allowed. 
I f | 3 ^ , | i n equation I I I 3 are Bloch s t a t e s j fttJ0>* e M^k^r) 
i n k / • e (fc, r ; respectivelyi, n,n are band indices, k,.k are 
conduction electron wavevectors^jthen the matrix element' i n I I I . 3 can take 
the form 
o ' f c ' l ^ i M O ^ j A t t ^ f e ^ j H ^ t u f f i , ^ . S t t - L-E^) i n - 5 
The J -function indicates the conservation law of the wavevectors i.e.* 
1 = t f 2 W i n 6 
I n the o p t i c a l region the radiation wavevector "^ r a d has an absolute value \\ 
-less, than :10^ em""1 while maximum absolute value of the electron waveveotor' 
^ i S about 10® cm"1. (Callaway I96fc\ The se l e c t i o n rule I I I 6 
corresponds to approximately v e r t i c a l t r a n s i t i o n s between bands n and n , i . 
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d i r e c t t r a n s i t i o n s . 
Per Block electrons the expression I I I k takes the form (Kohn 1S65) 
i n which the occupation numbers ^ t ^ j were replaced by the Permi-Dirao 
d i s t r i b u t i o n functions £ j f"n (fc) corresponding to the energy l e v e l s 
£ n.(k), £ n ( k ^ ' E j i B i correspond to £ n, ( k ) , £ n ( k ) . The sum i n I I I 7 
i s over a l l bands n, n' involved i n the t r a n s i t i o n s , the surface integration 
i s i n the wavevector space over the surface of the constant energy 
differences given by 
The matrix element i s given by the equation I I I 5f Vjg ~ "jTjjr* j t n e r e s ' t o f 
the symbols are as above. 
Equation I I I 7 predicts s t r i k i n g features in C j ^ ( t J ) near van Hove 
c r i t i c a l points (Callaway 1?6V) defined by equation 
i . e . denominator i n I I I 5 i s equal to zero and the integrand has a 
s i n g u l a r i t y . The c r i t i c a l , points correspond to the direct o p t i c a l 
interband t r a n s i t i o n s at those points i n the B r i l l p u i n zone given by the 
wavevector R. for which the bands n f n' are p a r a l l e l . 
I n cases where c r i t i c a l points occur i n r e l a t i v e l y small parts 
of the B r i l l o u i n acme the matrix elements i n I I I 7 can be s a f e l y assumed 
to be "slowly" varying functions of the wavevector k, such that the o p t i c a l 
conductivity i s proportional to the quantity 
, - , — I I I !j 
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u s u a l l y c a l l e d t h e j o i n t d.eneity o f s t a t e s f u n c t i o n ; i t measures t h e 
product d e n s i t y o f f u l l and empty s t a t e s o f equal energy d i f f e r e n c e . In. 
t h i s case the energy d i f f e r e n c e £^ ( k ) - E^j ( k ) nay expanded i n a 
T a y l o r s e r i e s . The signs o f the c o e f f i c i e n t s o f the series are important, 
i n determining the behaviour o f 3 n n t ( w ) near a c r i t i c a l p o i n t . The f o u r 
types o f the van Hove c r i t i c a l , p o i n t s determined by the c o e f f i c i e n t s 
correspond t o the c h a r a c t e r i s t i c s t r i k i n g f e a t u r e s i n the behaviour o f 
the o p t i c a l c o n d u c t i v i t y as a f u n c t i o n of frequency. Hie c r i t i c a l p o i n t s 
u s u a l l y occur a t the symmetry p o i n t s i n the B r i l l o u i n zone. A l s o , due 
t o the h i g h symmetry o f the s t a t e s a t the symmetry p o i n t s the l e v e l s are 
u s u a l l y h i g h l y degenerate. ' 
The study of o p t i c a l t r a n s i t i o n s i s u s u a l l y concentrated on the 
p o i n t s o f h i g h symmetry i n t h e B r i l l o u i n zone where the. c r i t i c a l p o i n t s 
may occur and o p t i c a l t r a n s i t i o n s are r e l a t i v e l y i n t e n s e . An example o f 
_o.p.tieal._transitionB which may. occur—ax-the c r i t i c a l p o i n t s i n the B r i l l o u i n 
zone f o r paramagnetic Gd i s given i n F i g I I I 1. 
On the o t h e r hand when a number o f c r i t i c a l p o i n t s occurs a t the same 
frequency | as may be seen t o happen i n the above example^ i t i s very 
d i f f i c u l t t o iresolve any f e a t u r e s i n the o p t i c a l s p e c t ra connected w i t h 
t h e p a r t i c u l a r c r i t i c a l p o i n t . 
R e l a t i v e l y more i n f o r m a t i o n may be obtained by studying the c r i t i c a l 
p o i n t s where l a r g e p o r t i o n s - o f - t h e B r i l l o u i n zone are i n v o l v e d , because 
the o p t i c a l t r a n s i t i o n s are comparatively more intense than i n the above 
case and are t h e r e f o r e b e t t e r r e s o l v e d i n the o p t i c a l Bpectra. 
I f a l a r g e p o r t i o n of the zone i s i n v o l v e d i n the " c r i t i c a l p o i n t s " 
t h e m a t r i x element i n I I L f . has t o be considered as a f u n c t i o n o f 
the wavevector as has been discussed i n d e t a i l by Aschroft and Sturm(l971). 
An example o f such c r i t i c a l p o i n t s connected w i t h magnetic o r d e r i n g 
i s discussed i n the f o l l o w i n g s e c t i o n (3 .4) . 
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S e l e c t i o n r u l e s 
S e l e c t i o n r u l e s of o p t i c a l t r a n s i t i o n s between the states i n the 
conduction band determine which of the possible t r a n s i t i o n s between the 
two s t a t e s say \ i ~ ) and \ j ^ > a r e allowed. They are given by non-zero m a t r i x 
elements of the o p t i c a l t r a n s i t i o n s given by equation I I I 3, i . e . 
where H , a (e/2mc) A* p i s defined by I I I 1. rad . 
Two examples of the s e l e c t i o n r u l e s such as the conservation of 
spin and wavevectors d u r i n g the t r a n s i t i o n s have been discussed above. 
I n general, s e l e c t i o n r u l e s f o l l o w from the symmetry p r o p e r t i e s , 
of the s t a t e s i n v o l v e d i n t r a n s i t i o n s . These st a t e s g e n e r a l l y s a t i s f y ' 
a one-electron Schrodinger equation of the type 
. i-U> e ± . i i ^ i n n 
Symmetry transformations of the Hamiltonian are those transformations of 
coordinates and spins which leave the Hamiltonian unchanged. Such t r a n s -
formations form a f i n i t e group c a l l e d the symmetry group o f the 
Hamiltonian. The p r o p e r t i e s of the symmetry group corresponding t o the 
hexagonal close packed s t r u c t u r e of the Rare Earths are described i n 
Appendix A ( f o r d e t a i l e d treatment of the group t h e o r e t i c a l background 
the reader i s also r e f e r r e d t o a number of textbooks such as Callaway (196*0 j 
Cornwell (1969) e t c . ) . The symmetry of eigenfunctions ( i ^ o f the Uamiltonian 
i s then c h a r a c t e r i s e d by i r r e d u c i b l e r e p r e s e n t a t i o n s of t h i s group i n m a t r i x 
form. Traces of the matrices form the character tables which have a 
p a r t i c u l a r importance f o r working out s e l e c t i o n r u l e s of o p t i c a l t r a n s i t i o n s . 
Character t a b l e s of the i r r e d u c i b l e 
r e p r e s e n t a t i o n s of the symmetry groups corresponding t o the hexagonal close 
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packed s t r u c t u r e have been, t a b u l a t e d by H e r r i n g (1942) and E l l i o t t (1954) 
for a l l symmetry p o i n t s and axes o f the B r i l l o u i n zone. With the help o f 
some group t h e o r e t i c a l c o n s i d e r a t i o n s we can o b t a i n the s e l e c t i o n r u l e s 
o f o p t i c a ] t r a n s i t i o n s . For rare e a r t h metals , these are t a b u l a t e d f o r 
the c r i t i c a l p o i n t s a t the symmetry axes and p o i n t s o f the B r i l l o u i n zone, 
i n Appendix B. 
O p t i c a l t r a n s i t i o n s i n paramagnetic Rare Earths-
- I n the case o f a non-magnetic metal, the one p a r t i c l e Hamiltonian 
o f conduction e l e c t r o n motion has.the f u l l symmetry of the c r y s t a l l a t t i c e . 
S e l e c t i o n r u l e s t h e r e f o r e f o l l o w from the f u l l symmetry o f t h e c r y s t a l 
l a t t i c e and are discussed at l e n g t h i n Appendices A and B. Using Table 
B1 i n Appendix B and n o n - r e l a t i v i s t i c energy bands f o r Gd shown i n P i g . I I $ 
we can deduce the allowed i n t e r b a n d t r a n s i t i o n s which occur i n the 
B r i l l o u i n zone. Some o f these are shown i n P i g . I I I . 1 . 
This c l e a r l y shows t h a t numerous i n t e r b a n d t r a n s i t i o n s occur between 
1 eV and 2 eV. Since the r e s t of the heavy r a r e earths have p r a c t i c a l l y 
the same energy band Structure, the same diagram of allowed, o p t i c a l t r a n s i t i o n s 
a p p l i e s f o r them a l s o . 
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3.3 I n t r a b a n d t r a n s i t i o n s 
The i n t e r b a n d t r a n s i t i o n s discussed .in s e c t i o n 3.2 r e q u i r e a c e r t a i n 
minimum energy corresponding t o the separation between the energy bands. 
However rthe most common f e a t u r e i n the o p t i c a l absorption o f metals, 
i s a c h a r a c t e r i s t i c r i s e i n a b s o r p t i o n as photon energy approaches -tffc zero. 
This phenomenon i s connected w i t h the f a c t t h a t conduction energy bauds 
are p a r t i a l l y occupied by e l e c t r o n s and t r a n s i t i o n s w i t h i n these bands 
occur. These i n t r a b a n d t r a n s i t i o n s are i n d i r e c t , because a change w i t h i n 
a band must be associated w i t h a change i n c r y s t a l momentum; i . e . 
e l e c t r o n s undergo c o l l i s i o n s d u r i n g one o p t i c a l p e r i o d . 
A b s o r p t i o n connected w i t h these i n t r a b a n d t r a n s i t i o n s ( f r e e e l e c t r o n 
a bsorption) i s i n i t s i s o t r o p i c form defined by the r e a l p a r t of o p t i c a l 
c o n d u c t i v i t y 6 ( l i ) given by a m o d i f i c a t i o n o f Drude's equation (see f o r 
instance Hodgson (1970))« 
where CJ i s the angular f requency,G(0) i s the o p t i c a l c o n d u c t i v i t y c o r r e s -
ponding t o zero frequency ( O = 0 ) i T i s the e l e c t r o n r e l a x a t i o n time i n 
i s o t r o p i c form. <0 (0) i s given by (Hodgson ( l ^ l C i ) ] 
(5 (o) . — 
™0PL 
I I I 13 
where N i s the number o f f r e e c a r r i e r s per u n i t volume and in* . i s the 
opt 
o p t i c a l e f f e c t i v e mass.- I t s . r e c i p r o c a l value i s ar_ average o f the 
e l e c t r o n v e l o c i t y over the Fermi surface. I f t h e m a t e r i a l i s a n i s o t r o p i c 
the Fevmi surface i s non-spherical and j o i n t anisotropy o f r e l a x a t i o n 
time and. v e l o c i t y over the Fermi surface, should be. considered, This would 
be the case o f r a r e e a r t h metals where the Fermi surface i s v e r y a n i s o t r o p i c 
as i n d i c a t e d i n F i g 11.10. 
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Hodgson arid Cleyet (19&9) used Eq.ITI . 1 2 f o r the low energy e x t r a -
p o l a t i o n of room temperature o p t i c a l conductivity ( 5 (0) of Qd f i l m s below 
0.5 eV. The e x t r a p o l a t i o n was chosen by comparing the values o f the r e a l 
p a r t of d i e l e c t r i c constant £ j ( u i ) , obtained frqm6(uj) by the Kramere-
Krbnig r e l a t i o n s (Eq.VI .1 ) w i t h those obtained e x p e r i m e n t a l l y . 
The values o f aero frequency o p t i c a l conductivity (5 (0) obtained from 
e x t r a p o l a t i o n were comparable t o values of d.c. c o n d u c t i v i t y <50 c 
( d ( 0 ) was s l i g h t l y smaller t h a n ^ c ) . The good agreement of the two 
values suggests t h a t thermal broadening e f f e c t s a t room temperature mask 
any p o s s i b l e s t r u c t u r e i n (3(iUJ) f o r photon energies below 0.5 eV. S l i g h t l y 
smaller values o f ( j ( 0 ) w i t h respect t o d.c. values are expected, according 
t o Abeles (1972); o p t i c a l r e l a x a t i o n time i n c l u d e s the e f f e c t s o f b o t h 1 
e l e c t r o n - e l e c t r o n and electron-photon c o l l i s i o n s while e l e c t r o n - e l e c t r o n 
s c a t t e r i n g p l a y s no r o l e i n d.c. c o n d u c t i v i t y . 
However, t h e above agreement may be on l y a c c i d e n t a l eince s t r o n g 
interband t r a n s i t i o n s may occur below 0.3 eV, as may be deduced from the 
c a l c u l a t e d band s t r u c t u r e s . 
I n order t o check t h i s p o i n t , the e x t r a p o l a t i o n s were c a r r i e d out f o r 
the sequence o f R.E. metals and the zero frequency values o f the c o n d u c t i v i t y . 
(0)^ were compared w i t h the d.c. c o n d u c t i v i t y v a l u e . This i s presented 
i n Chapter V I . 
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3.4 O p t i c a l T r a n s i t i o n s connected w i t h magnetic o r d e r i n g 
3.4 (a) Ferromagnetic jjhase 
New t r a n s i t i o n s i n a ferromagnetic metal are connected w i t h 
the exchange s p l i t t i n g o f the conduction hands and w i t h energy l e v e l 
s h i f t s which are produced by m a g n e t o s t r i c t i o n . I n t h i s s e c t i o n we 
w i l l only d e a l w i t h the e f f e c t o f the exchange s p l i t t i n g since the r o l e 
o f the m a g n e t o s t r i c t i o n i s not y e t s u f f i c i e n t l y understood. 
The o p t i c a l e f f e c t o f the exchange s p l i t t i n g can be d i v i d e d i n t o 
two types. The f i r s t are mm t r a n s i t i o n s which occur when one o f the 
s p i n - s p l i t subbands crosses the Fermi l e v e l and consequently reoccupation 
o f the subband causes new t r a n s i t i o n s . This i s the e f f e c t which i s the 
most l i k e l y t o occur i n R.E. since there i s a number of places i n the 
B r i l l o u i n zone o f R.E. w i t h f l a t p o r t i o n s o f t h e d - l i k e bands near t c the 
Fermi l e v e l . For t h i s case there i s no need t o reconsider the symmetry 
o f the. new s t a t j a s _ i n _ s p i n - s p l i t subbands and we t h e r e f o r e can i n f a c t use 
t h e s e l e c t i o n r u l e s f o r a non-magnetic metal. 
The o t h e r type o f - o p t i c a l e f f e c t i s connected w i t h l a r g e mixing 
o f the bands near the Fermi l e v e l due t o the s p i n - o r b i t coupling.making 
allowed d i p o l e t r a n s i t i o n s between s p i n - s p l i t subbands( Dimmock et a l (1963 
The energy o f t h e spin o r b i t i n t e r a c t i o n was estimated by Watson e t . a l . 
(1960) t o be approximately 0.4 eV, The estimated value f o r exchange 
s p l i t t i n g i s 0.5 eV f o r Tb, 0..61. f o r Gd e t c . , as i s shown i n Table I I 1.. 
This means t h a t intense p a r a l l e l band tr a n s i t i o n : ? may occur i n the region 
o f 0.5 eV. As the bands near t o the Fermi l e v e l are q u i t e f l a t , 
l a r g e areas o f t h e B r i l l o u i n zone are l i k e l y t o be involved i n these 
t r a n s i t i o n s and the j o i n t d e n s i t y o f s t a t e s i s very. h i g h . This type 
o f e f f e c t has a very c h a r a c t e r i s t i c anomaly i n the o p t i c a l a b s o r p t i o n 
spectra t y p i c a l t o a l l p a r a l l e l band t r a n s i t i o n s . O p t i c a l c o n d u c t i v i t y 
28. 
J [it) i G g i v e n by the r e l a t i o n ( A s f h c r o f t and Sturrn (1971)) 
6 M 
h i 1't-
where i - 8 the exchange s p l i t t i n g d e f i n e d and discussed i n the l e r r o 
previous chapter. Flaces where p a r a l l e l band t r a n s i t i o n s due t o 
exchange s p l i t t i n g - are l i k e l y t o occur are discussed i n Section 6.1. 
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F i g I I T 2. Schematic diagram o f the s t r u c t u r e i n the O p t i c a l 
c o n d u c t i v i t y connected w i t h t r a n s i t i o n s between the 
s p i n s p l i t p a r a l l e l bands in. ferromagnetic r a r e e a r t h 
metals; d o t t e d l i n e i s a t h e o r e t i c a l 
curve given by equation I I I 14-; dashed l i n e i s the 
Drude c o n t r i b u t i o n . 
The expression f o r absor p t i o n shows t h a t the anomaly i s i n the form 
o f a .hyps.r_b.olic f u n c t i o n w i t h .the . s i n g u l a r i t y f o r tllO = A ^  . I f the 
l e r r o 
f r e e - e l e c t r o n c o n t r i b u t i o n and the thermal broadening are also considered, • 
the o p t i c a l c o n d u c t i v i t y (d(w) takes the form as i n d i c a t e d by the f u l l l i n e 
i n P i g I I I 2. 
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iijummariRing i t c a n "be n a i d t h a t a u n i q u e s t r u c t u r e h a s "been fa\mA s u ^ j « * T e c / 
i n t h e s p e c t r a l d e p e n d e n c e o f o p t i c a l a b s o r p t i o n ' w h i c h c o r r e s p o n d s t o t h e 
f e r r o m a g n e t i c e x c h a n g e s p l i t t i n g o f t h e c o n d u c t i o n b a n d s . 
30. 
3.4 C"b) E f f e c t of supfiraone "boundaries on the optical properties 
A.s suggested by Eiwa (1963} o p t i c a l t r a n s i t i o n s can "occur across 
gape at the super-zone boundaries induced by a periodical spin structure. 
Superzone boundaries are planes b i s e c t i n g vectors F « (k + Q), where Q. 
i s the wavevector c h a r a c t e r i s t i c of the periodic potential of the spin 
structure, (defined by Equation I I 1 ) , Tc^ i s a reciprocal l a t t i c e vector.-
Considering the simplest model, that of almost free electrons with the 
i s o t r o p i c e f f e c t i v e mass, o p t i c a l conductivity associated with the t r a n s -
i t i o n s across the gap at the superzone boundary P R = (1c + "$)/2 i s given 
by Miwa (1963). 
(D { cos 2A P n)/(^u 2((-ntu) 2 - jgft x 1/m* I I I 15 
\ i s the angle between the polarization vector of the r a d i a t i o n and the . 
vector P. A i s the energy, gap at the superzone boundary given by equation 
- I - I — 1-T depending on the-type of the periodic structure and m* i s the e f f e c t i v e 
mass of the conduction ele c t r o n . 
The shape of the absorption band i s very s i m i l a r to that produced 
by the ferromagnetic exchange s p l i t t i n g and i s schematically shown below 
i n P i g . I I I . 3 . The dashed curve i n t h i s figure shows the ^0^) curve 
predicted by E q . I I I . t p . The f u l l curve shows that obtained by considering 
l i f e - t i m e broadening and free electron absorption. 
The ajmur peak i n the o p t i c a l absorption spectrum i s strongly dependent 
pn the 6 i z e of the gap and the type of the structure. Kiwa's theory 
therefore predicts some changes inCs(to) at the t r a n s i t i o n between a n t i -
ferromagnetic and ferromagnetic phases which i s i n disagreement w i t h the 
experimental r e s u l t s . The qu e s t i o n o f the r o l e o f superzone boundaries 
i s t h e r e f o r e l e f t u n t i l o p t i c a l p r o p e r t i e s o f s i n g l e c r y s t a l s are thoroughly 
i n v e s t i g a t e d . 
I 
Pig*.III..3.._-S.chemat.i,c diagram o f the s t r u c t u r e i n the. o p t i c a l . 
c o n d u c t i v i t y curve connected w i t h t h e band gaps 
a t the a n t i f e r r o m a g n e t i c superzone boundaries 
(from Hiwa 1963). ( l ) P r e d i c t e d by Eq.III . 1 5 ; (2) 
L i f e - t i m e broadening and f r e e e l e c t r o n a b s o r p t i o n 
i n c l u d e d . 
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3.5 Contemporary Data, on Optical Properties of Rare Earth Metals and 
comparison with othor Magnetic M-e.tals 
3.5 (a) Optical properties of trivale.nt R.E. 
Considerable e f f o r t has "been, devoted "by Schuler (19^3 f 1966) to 
measuring the op t i c a l properties, of Gd, Dy, He and. Lu. The absorption 
bands are broad and i t i s not possible to re l a t e the numerous c r i t i c a l 
points i n the band model to the spectral structure of .optical constants 
at room temperature. In the magnetic phases new op t i c a l anomalies were 
observed i n Gd, Dy f Ho and i t i s reasonably c l e a r that these anomalies 
are r e l a t e d to the magnetic ordering. Jio low temperature changes except 
those due to a Drude contribution were observed for instance in Lu which 
i s non-magnetic and has a band structure very similar to the re s t of the 
heavy t a r e e a r t h s . 
As an i l l u s t r a t i v e example we quote F i g I I I . t f r o b t a i n e d by Hodgson 
and Cleyet (1969) measuring o p t i c a l constants of Gd thin films by a 
-po-i-arimetric reflect-i-on-method. The room temperature data show, one broad 
peak i n o p t i c a l conductivity^'(w) extending from 0.6 eV tc 2.5 eV..* On 
cooling f a r below the Curie point .of Gd bulk material (Tc - 289°K) new, 
quite pronounced, peaks i n (5(w) were observed at photon energies 0,7 eV an 
1.8 eV and a very small structure at 1,1 eV. The calculated r e f l e c t -
i v i t y and transmission data agreed with the r e s u l t s c f Schuler (19^5)• 
The peak i n 6 ( w ) at 0.7 eV was attributed to the t r a n s i t i o n s between the 
s p i n - s p l i t bands-: The s i z e of. the band -gap produced by ferromagnetic 
exchange s p l i t t i n g i s assumed to be of the same size for Gd. (Watson 
e t . a l . 1968). 
The elements-with h e l i c a l spin structures below the f i r s t ordering 
. temperature .show rather complicated phenomena and so f a r i t i s not c l e a r 
what i s the "origin of the o p t i c a l e f f e c t s of magnetic ordering of those 
metals. Cooper and Reddington (1965) reported an attempt to record 
xiO" 
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F i g . I l l . 4 O p t i c a l c o n d u c t i v i t y 6 (W) of gadolinium 
f i l m s ( a f t e r Hodgson & C l e y e t (1969)') measured 
a t 293°K and 105 PK. 
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changes i n o p t i c a l absorption' of Dysprosium t h i n films during 
t r a n s i t i o n from the h e l i c a l to the ferromagnetic ordering by the application 
of a magnetic f i e l d i n excess of c r i t i c a l f i e l d strength. No changes 
i n absorption due to the t r a n s i t i o n were observed. The ferromagnetic 
s p l i t t i n g of the conduction band was calculated by Watson e t . a l . (1968) 
and appears to be approximately the same as the s i z e of the energy band 
gaps produced by h e l i c a l spin structures at magnetic superzcne boundaries. 
(This i s discussed i n d e t a i l i n the following chapter). From t h i s Watson 
e t . a l ; conclude that "no appreciable changes i n absorption due to tran s f e r 
into the ferromagnetic region are to be expected". Even though the s i z e s 
of the gaps and consequently the positions of o p t i c a l anomalies on the 
photon energy sc a l e are not expected to change during t h i s t r a n s f e r i t •• 
does not mean that the shape of the anomaly should necessarily stay f i x e d . 
T h i s would rather suggest.that supersone "boundaries do not contribute t o 
the o p t i c a l e f f e c t s of magnetic ordering and that a more .general approach 
to. the problem has to be taken. 
Optical constants of very t h i n films of rare earth metals Gdj Toy 
Tm, Ce and Nd were reported by P&trakian (l97^ » These films were prepared 
i n s t a t i c u l t r a high vacuum conditions at a pressure of tcT^mm.Hg.. Even 
though the r e s u l t s seem to show some s i m i l a r i t i e s with those obtained on 
t h i c k samples («»* 2000A0) ove r a l l agreement with them i s rather poor. 
(Compare for instance the Gd data obtained by Fetrakian(l972) and Hodgson et« 
(1969)). The source of these differences may be associated with.the 
thickness i t s e l f , since i n a study of the v a r i a t i o n of the c h a r a c t e r i s t i c s 
of rare earth films with thickness Lodge (1969) has shown that below 5OOA0 
the magnetic and e l e c t r i c a l behaviour of the f i l m rapidly deviates from 
that of bulk ma t e r i a l . We would rather exclude these r e s u l t s from our 
further discussion. 
34 
Photoemission investigations on several heavy elements recently 
reported by Broden (1971) Aid not show any sign of structure i n the 
photoemission spectra i n the energy region 0 eV -10 eV below the Fermi 
energy| which could be attributed to the t r a n s i t i o n s from 4 f - s h e l l * 
This suggests that 4f states i n the heavy elements are too f a r below 
the Fermi l e v e l to be observed in t h i s photon energy range. This could 
be taken as further support for the theory of magnetic ordering described 
i n Section.2.3.3 which i s based on assumption, that 4f-electrons are 
l o c a l i z e d . 
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3.5 (b) Comparison with other magnetic metals 
• Before the subject of the opt i c a l properties of magnetic rare 
earth materials reported i n the l i t e r a t u r e i s closed i t . would be 
interesting to compare these with published work-on the' optical-properties 
of other magnetic materials such as Cr, Ni. The optical properties of 
these metals have been studied more extensively than those of rare 
earths most probably because Ni and .Cr are l e s s reactive i n a i r and have 
a simpler band structure than rare earths. Also the band structure of 
Ni i s closely related to that of Cu which has been studied i n the most -
d e t a i l i n the past (for a review see Abeles (1972) Section 3.3.3) and 
i s well understood. 
There i s therefore a good chance of finding some general indication 
of the processes which make the most important contributions t c the 
optioal e f f e c t s of magnetic ordering of metals i n general. 
A s _ a _ f i r s t example.Nickel w i l l be considered. I t i s ferromagnetic 
below 5S0°K and i t s ferromagnetic exchange energy i s found to be approx-
imately C.4 eV (Hanus et a l 1968). 
I t has been found by (Scouler (1967)) that the ferromagnetic ordering 
induces new structures i n temperature modulated reflectance spectra at 
photon energies 0.25, 0.40 and 1.3 eV; The most successful interpretation 
has been reported by Hanus et a l (1-968).. They have connected these absorption 
peaks, with exchange s p l i t t i n g of conduction, bands. I n t h e i r theory the 
ferromagnetic exchange produces two types of the band structure, one of 
them corresponding to the electrons with s p i n ^ the other to these with 
spinI . The exchange s p l i t t i n g of the l e v e l s near to the Fermi l e v e l leads 
to t h e i r reoccupation and consequently new t r a n s i t i o n s occur. Both 
majority and minority bands contribute to the e f f e c t . For instance the 
peak at 0.25 eV corresponds to t r a n s i t i o n s between majority spin bands; 
peaks at 0.40 eV and 1.3 eV correspond to minority spin band, t r a n s i t i o n s . 
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The above theory i s thought to be the-most l i k e l y explanation of 
the e f f e c t s i n Nickel i n ferromagnetic phase and i s also considered f o r 
discussion of the present r e s u l t s on rare earth metals as may be seen i n 
section 3.4 end chapter V I . 
However, there may be another mechanism involved i n the o p t i c a l 
e f f e c t of exchange s p l i t t i n g . As discussed i n section 3*4 the presence 
of a strong spin-orbit coupling mixes the spin character of the conduction 
electron states making the t r a n s i t i o n s between the "spin up" and "spin down" 
bands allowed. The above may be investigated by a .study .of magnetooptical 
spectra since the spin-orbit i n t e r a c t i o n makes a contribution to the. non-
diagonal elements of the d i e l e c t r i c tensor which i s responsible for the 
Ker r - * f f e c t (Cooper 1965) •• 
However, as may be seen from Krinchick (1969, 1970, 1971') although 
•to be 
the Kerr e f f e c t was found r e l a t i v e l y large i n Nickel the magnetooptical 
anisotrppy f a i l e d to be explained by considering s o l e l y .the e f f e c t s of sp i n -
o r b i t coupling. Parker (l972)show.s that the anisotropy can be explained 
s a t i s f a c t o r i l y by considering /in addition to the e f f e c t s of spin-orbit 
coupling^the anisotropic e f f e c t s of magnetostriction. 
The above suggests' that spin orbit coupling i s probably not comparable 
with the exchange s p l i t t i n g i n l i i and the mixing of spin character mentioned 
section 3;4 i s not large enough for o p t i c a l t r a n s i t i o n s between the spin 
s p l i t , bands to occur. . The r o l e of magnetostriction has been b r i e f l y 
discussed i n the section 2.3*4* 
The other metal that may seem to be relevant i s antiferromagnetic Cr. 
Below the Neel temperature i t shows an o p t i c a l absorption band near 0.12 eV • 
(Barker e t . a l . 1968). A model for the interpretation of t h i s absorption 
band i s based on the theory of i t i n e r a n t antiferromagnetism and i s formally 
s i m i l a r to the theory of the band gaps connected to the superconductivity 
(Fedders. and Martin 1966). Here, too, one thinks of two band structures, 
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one for electrons with spins i n phase with antiferromagnetism and the 
second for electrons with spins out of phase. . I n agreement with the 
experimental r e s u l t s the theory predicts an absorption maximum at 
approximately 0.12 eV which i s temperature dependent and disappears above 
the Nee'l point. 
However, the usual approach to the magnetic properties, of Rare 
E a r t h metals uses the l o c a l i z e d moment model and i t would not seem that 
the interpretation used for the Chromium r e s u l t s would be relevant f or 
the discussion of the r e s u l t s reported i n t h i s t h e s i s . 
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CHAPTER IV 
EXPERIMENTAL - .APPARATUS 
Introduction- — Discussion of experimental methods" 
A p a r t i c u l a r problem i n a l l o p t i c a l studies on metals i s that 
of sample preparation. For the rare earth, metals, the ordinary 
methods of polishing and etching f a i l because of t h e i r extreme 
reactivness. Most of the work, therefore, -has been done-on thin 
f i l m s prepared i n high vacuum conditions and protected by a thin 
l a y e r from exposure. I t is,however,frequently found that t h i n 
metal films have properties different from those of bulk material. 
I n order to examine t h i s poin-^ the r e s i s t i v i t y v a r i a t i o n with temperature 
was measured on each evaporated f i l m and the r e s u l t s compared with these of 
po l y c r y s t a l l i n e material published i n the l i t e r a t u r e . The r e s u l t s show 
that the curves are e s s e n t i a l l y i d e n t i c a l apart from the expected 
difference i n res i d u a l resistance due to b u i l t i n s t r a i n i n the fi l m s . 
The second problem i s associated with the s e l e c t i o n of the 
rig h t method of f i l m preparation for o p t i c a l measurements. Results 
published by several authors on rare earth metals show that even the use 
of ultra-high vacuum condition such as 10 y can Hg used by Blodget 
e t . a l Q9653i B not enough to protect the surface- of the. films from 
gradual oxidation and subsequent change of o p t i c a l constants. 
On the other hand, the opti c a l constants of metals are best 
determined by studying reflected r a d i a t i o n . The examination of 
transmitted lig h t i s r e s t r i c t e d by strong absorption i n the v i s i b l e 
and infra-red region to the use of very thin specimens (<8CoS or 
l e s s ) and the question then a r i s e s as to what extent the properties 
of such specimens accord with those of bulk m a t e r i a l s . In studies 
by r e f l e c t i o n the relevant thickness i s d i r e c t l y r e l a t e d to the 
penetration depth of the electromagnetic radiation and care must 
be taken i n the preparation o£ representative surfaces. 
I n order to avoid oxidation while s t i l l maintaining good surface 
conditions R.E. metals were deposited on to the base of a- s i l i c a prism 
I n high vacuum and covered by a protective l a y e r of SiO. 
The most accurate method of measuring the o p t i c a l constants n 
and k (or £.^ and o p t i c a l conductivity 6 ) i n the v i s i b l e and i n f r a -
red region i s by the use of phase compensators, but unfortunately these 
compensators are u s u a l l y r e s t r i c t e d by absorption to wavelengths l e s s 
than 2.5<urfu These methods measure the e l l i p t i c i t y of polarised l i g h t 
r e f l e c t e d from the metal surface. There are though s e v e r a l other 
methods for measuring o p t i c a l constants which require only one or two 
p o l a r i s e r s . One of them measures the p r i n c i p a l angle of incidence 6 
and azimuth SMts advantage l i e s i n the f a c t that i t uses a detector 
of radiation only as means of in d i c a t i n g the equality of two o p t i c a l 
i n t e n s i t i e s . However, t h i s method i s not sui t a b l e for most metals a t 
wavelengths greater than 2.5-wn because of- the large values of G which 
occur* Further, t h i s method i s inconvenient since i t needs a contin-
uous change of the angle of incidence which leads to great d i f f i c u l t -
ies i f an i n t e r n a l r e f l e c t i n g surface i s used. The values of o p t i c a l 
constants can be found by measurements of r e f l e c t i v i t y for at l e a s t 
two values of the angle of incidence (Bueche 19^8). The method i s not 
capable of high accuracy because the v a r i a t i o n of r e f l e c t i v i t y with 6 
i s not s e n s i t i v e to changes i n 8A and . Before proceeding further 
i n a discussion of the experimental apparatus i t i s necessary to mention, 
b r i e f l y other work on the o p t i c a l properties of the Bare E a r t h metals, 
namely that reported by Schuler (196**, 1965). Schuler observed anoma-
l i e s i n the low temperature r e f l e c t i v i t y of the se v e r a l heavy rare earth 
metals i n the region 0.3eV - 0.5eV of photon energies* A c l a s s i c a l 
technique of obtaining o p t i c a l constants from the transmission and 
r e f l e c t i v i t y data used by t h i s author appear to be quite adequate for 
the f i r s t investigations of the o p t i c a l e f f e c t s of magnetic ordering i n 
* I n g e r s o l l (1910) 
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the heavy rare earths* However, absolute values of the o p t i c a l const-
ants and even positions of the peaks derived from such measurements 
appeared to be quite inconsistent and therefore more accurate techniques 
have to be used to obtain meaningful information about o p t i c a l e f f e c t s 
of magnetic ordering* 
I n the present work the o p t i c a l constants were determined by the 
polarimetric r e f l e c t i o n method. This depends on the a n a l y s i s of the 
e l l i p t i c a l l y polarized radiation obliquely r e f l e c t e d from a metallic 
fi l m . (Basic p r i n c i p l e s of the polarimetric (or ellipsometrie) method 
are presented i n Appendix D). I n the present case the metallic surface 
at the film-substrate i n t e r f a c e was examined; the fused s i l i c a served 
as-.a transparent dielectricum. This method has the advantage that i t 
requires measurements at only one, a r b i t r a r y , value of the angle of 
incidence . This advantage becomes important for measurements a t 
helium temperatures where a rather elaborate cryostat had to be used. 
The method can also be made quite accurate "for the -determination of 
o p t i c a l constants which gives an opportunity to study f i n e structures 
i n o p t i c a l absorption spectra due to the magnetization processes. 
In order to check consistency of the polarimetric method, the 
r e f l e c t i v i t y . c o e f f i c i e n t was calculated from the o p t i c a l constants 
obtained by polarimetry. and compared with the r e f l e c t i v i t y c o e f f i c i e n t 
d i r e c t l y measured. A block diagram of the r e f l e c t i v i t y method used i n 
the present work i s shewn i n F i g IV.k. The sample r e f l e c t i n g surfaces 
for r e f l e c t i v i t y measurements were prepared s i m i l a r l y to those for 
ellipsometry. Metallic films were deposited onto a s i l i c a glass plate 
and covered by a protective l a y e r of SiO. The r e f l e c t i v i t y was measured 
by examination of the r e f l e c t i o n at the metal-to-substrate i n t e r f a c e . A 
simple l i q u i d nitrogen cryostat was made to examine r e f l e c t i v i t y of R.E. 
films at low temperatures (as indicated i n F i g I V . k ) m Some of the 
r e s u l t s are presented i n chapter V. 
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4.2 Theory of the ellipsometric method 
I n order to si m p l i f y the understanding of l a t e r sections of t h i s 
t h e s i s , i t w i l l be convenient .at t h i s point to examine the theory of 
the ellipsometric method of determining the o p t i c a l constants. I n t h i s 
method plane polarized monochromatic radiation i s obliquely r e f l e c t e d 
by a specimen and passes through an analyzer to the detector. I f the 
i n t e n s i t y transmitted by the analyzer <- specimen^ p o l a r i z e r system i s 
I ( l f J p , y a) ^ o r azimuths ijX,, \p ^  of the p o l a r i z e r and analyzer 
respectively then I ( U?p, i^f ) i s of the form. 
( B e a t t i e & Conn (1955)) 
2 2 2 2 2 I ( V|/'p, y A ) = I q ( s i n Yp s i n ^ A + ^ cosn^p cos Cj^+lsiflSifp «sin2 ^  ^cosA> 
IV 1 
.where" (0 and A are quantities defined~ih —Appendix D by the"equation 
6 
RpR g are the complex r e f l e c t i o n c o e f f i c i e n t s for the " p a r a l l e l " and 
"perpendicular" components with respect to the plane of incidence. Iq 
i s the i n t e n s i t y of radiation reflected, from the m e t a l l i c surface and 
i s given by ( B«atti« k Conn 0955)) .. __ _ 
where R 2 i s the r e f l e c t i v i t y from the surface. Measurements of the 
transmitted s i g n a l are required for at l e a s t three different azimuths 
to obtain © and A. and to exclude terms dependent on the i n t e n s i t y 
of incident radiation \ I 2 . At a fixed azimuth of the p o l a r i z e r 
( i . e . 14^,= ) the transmitted i n t e n s i t y I ( X , \ ^ A ) i s measured 
for three d i f f e r e n t azimuths of the analyzer U/'A = 0; JL ; ^- • (0. IL 
T A * 2. x 
corresponding to the plane of p o l a r i z a t i o n p a r a l l e l to and perpendicu-
l a r to the plane of incidence r e s p e c t i v e l y ) . The two ellipsometric 
parameters are then given by expressions 
• p — • i 
(O = i l U f r t Q) 
K H .0) t H u , iL ) - 2 * I ( T T i + ~ M ) . 
IV 2 
cos A - . - — i 
2 - j K i - , o). K | , 1 . ) 
Equation IV 1 i s sjrpetrical i n ty' A , V|/p • so that the p o l a r i z e r and 
analyzer are interchangeable. 
Role of detector 
I f the radiation detector shews pol a r i z a t i o n then the correspond-
ing output from the radiation r e c e i v e r i s given by 
i < y P . y x ) - « y A . " x ) « 
K ipp , l ^ A ) i s given by Eq IV.V and T( l f ' A , % ) allows for the 
instrumental polarization. I n general i t i s dependent on the wave-
length X of the radiation. In t h i s case Eqs. IV.1 and IV.2 have to 
be a l t e r e d accordingly. The determination of the T( <j>A, X ) i s 
discussed i n section ^ A.**. ' 
Computing the Optical Conductivity and D i e l e c t r i c Constants 
I n t h i s section we w i l l r e s t r i c t ourselves to thi n films which 
are the subject of t h i s t h e s i s . This means that we assume the d i e l -
e c t r i c constants to be i s o t r o p i c and there i s no o p t i c a l a c t i v i t y ^ 
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combining Eqs. D12 and IV.1a using the same notation as above we can . 
write(Beattie & Conn (1955) ) 
s 
i s complex d i e l e c t r i c constant of the metal film; 
^ i s the angle of incidence; Bc i s d i e l e c t r i c constant.of SpectroBil 
Q and A are defined by Eq. IV.1a, R , R are complex r e f l e c t i v i t y / s p 
c o e f f i c i e n t s defined above. 
t a n 2 p i = 1 + + 2<?. cos A 
1 + (0 2 - 2 <^  . cos A 
tan Q = 2<?' 8 l n A =- x IV 5 
1 - <&2 
s in 2Q » 2 - x - • cos 2Q = 
1+x 2 1+x 2 
Hence from IV.k and IV.5 we have ( = n 2-k 2 ; 8 2 = 2«n-k »n f k are 
op t i c a l constants of the metal fi l m i n the usual notation) 
p p n ~ k " t n sin \D , X(n - k*) = !— = tan" P . cos2Q 
& 0 tg 2ip s i n 2 i p 
IV 6 
Y(2nk) = — = t a n 2 P • sin2Q . 
tan2vj> sin 2^? £ Q 
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These two equations were used for the c a l c u l a t i o n of the r e a l and < 
imaginary parts of the d i e l e c t r i c constant and the optica], conductivity 
using the computer programme shown i n Appendix C. F i g IV 1 shows the 
families of contours of X((t t d, ) = const and ¥((^ , A ) » const 
which can be divided into two types. The f i r s t types of contours are 
closed loops which terminate at the top l e f t hand corner of. the 
diagram. The absc i s s a are A , the r e l a t i v e phase. The ordinates are 
amplitude r a t i o s . These loops are the l o c i of constant values of 
Y ( 2 n k ) see equation IV.5. 
The second s e t of contours are very roughly orthogonal to Y( 2 nk) = 
const and are l o c i of constant values of 
X ( r 2 - k 2 ) . 
Even though t h i s chart was not used for the c a l c u l a t i o n of ^ » € g-
i t was a very p r a c t i c a l a i d for an estimation of errors and a quick 
examination of the measured quantities. 
The r e a l and imaginary parts of the d i e l e c t r i c constant 
and ^ - o p t i c a l conductivity 
C l i g h t velocity 
were the output from the computer. The l a t t e r term i s d i r e c t l y 
proportional to the energy of radiation absorbed per unit volume per 
unit time. 
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ht3 Experimental errors and description of settings 
4.3.1 Azimuths of p o l a r i z e r and analyser 
Both azimuths vp^, i^? A are measured with respect to the plane 
of incidence. The o r i g i n s of the azimuths ^ A° , . y 0 were approxi-
mately located by observing a minimum of the r a d i a t i o n i n t e n s i t y 
I ( l|! p , vp ™) passing through the system. The minimum i n t e n s i t y 
I ( f occurs when the incident radiation i s polarized p a r a l l e l 
to the r e f l e c t i n g surface ( i v e . (j:™ = (|)° + ^- ) and the analyzer 
i 
i s s e t so as tcjpass r a diation polarized p a r a l l e l to the plane of 
incidence ( i . e . ip° = The zero azimuths ip^0 , (p °^ 
r o 
obtained i n t h i s way d i f f e r by o ip and 0 I f ^ from the true read-
ings. ^ A a r e t h e n d e t e r m i n e d i n t w 0 stages (Seattle & 
Conn (1955) ) • I n the f i r s t experiment the p o l a r i z e r i s set at a 
nominal azimuth of JL and i n t e n s i t i e s are compared for two s e t t i n g s 
---^p^—of—analyzer. Zero azimuth of the-anaiyzer- (ire-. 0"^ pA = 0) i s 
given by equality of the above two i n t e n s i t i e s * I n t h i s way the anal<-
yzer azimuth may be s e t very accurately; i n the present work 
SvpA = o° ± 0.1°. fip was determined to the same accuracy by the 
second, experiment i n which the following r a t i o s of i n t e n s i t i e s are 
compared 1 — 
4 . 1 ( Y P - 0 ) p.. 1 ^ ^ ' J * • I V 7 
I C Y J . I J 1 . ( 1 ^ . 1 , £ > 
S y p « 0 i f c( = {*> and . 
. I n order to achieve maximum accuarcy i n the s e t t i n g s of and 
the above experiments were ca r r i e d out at wavelengths for which the 
radiation receiver was the most sensitive^then the errors i n azimuths 
may be neglected with respect to errors due to random fluctuations of 
i n t e n s i t i e s . 
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^•3»2 The reflectance ratio. 
I f U i e set to be *f5° , then from equation IV.2 the r e l a t i v e T P ^ 
change of @ due to random fluctuations of i n t e n s i t i e s — — i s 
[BaUie -r Conn 0955)] 1 
i f i . = l l 0 + L.) IV 8 
< • I V ©2. 
1 S i 
As an example, taking as a p r a c t i c a l figure for equation 
£q • IV.8 indicates that -^p 1 i s about 1.656 for <y = 0.5 which i s the case 
for most of heavy Rare E a r t h elements i n the near in f r a - r e d region. 
*».j5.3 The r e l a t i v e phase 
For the estimation of the error o & i n the r e l a t i v e phase 
readings due to random fluctuations the following r e l a t i o n may be used 
(Beattie & Conn (1955) ) 
~ ~ l 
COS A 
COS /A iv.9 
which means that the minimum occurs at A = — • 
£ I 1 
Using a s i m i l a r p r a c t i c a l value for - j - of jrffi we find that i f 
A i s l e s s than and greater than £*iT , the random error i n the fc ° 
readings of the r e l a t i v e phase i s greater than 5°« I n most of the 
cases for the heavy rare earths i n the inf r a - r e d region up to k^-m 
the r e l a t i v e phase was i n the i n t e r v a l \^  ^ , -y-/ which means 
lh i t o. 2° . 
Having derived values £faand (and knowing values.© and A , 
of course) we can obtain the random error i n o p t i c a l conductivity *0 
and d i e l e c t r i c constants £ 2 « To do t h i s e i t h e r Eq. IV 6 combined 
with IV 5 or F i g IV 1 may be used. The use of F i g IV 1 i s explained i n 
section h,2. 
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^•3*^ Angle of incidence 
From Eq. IV 6 we can deduce the errors i n determination of d i e l -
e c t r i c constants £ ^ , £ 2 a n ^ op t i c a l conductivity 6 due to errors i n 
s e t t i n g of the angle of incidence .. • These are given by 
^ £l = ^ £2 = = ^ ( t a n 2 ^ s i n 2 ? ) = t a n f (2+cos2vp ) i y 
f, 1 & 2 6 t a n 2 ^ s i n ^ sin2y> 
The error due to incorrect s e t t i n g of if increases with i n c r e a s -
ing ^ . From section **.3.3 i t follows that the method i s the most 
accurate i f (j' i s equal to the p r i n c i p a l angle of incidence ip for 
which the r e l a t i v e phase & = 90°. For R.E. metals i n the near i n f r a -
red 'S 75°. was therefore set at 75°. 
The error which a r i s e s from the inaccuracy of s e t t i n g <^> was 
^ i 0.1° of arc which corresponds to 
4 ^ 
O C1,2 
^•^ Apparatus for the Polarimetric Method 
k,k,1 Optical system - Introduction 
F i g IV.2 and IV.3 show the experimental arrangement of the 
apparatus used i n these measurements. The source of radiation and the 
moiiochromator were made into one unit. The monochromatic r a d i a t i o n 
Was then plane polarized with the plane of p o l a r i z a t i o n at 4? to the 
plane of incidence. The e l l i p t i c a l l y polarized radiation r e f l e c t e d 
from the metallic f i l m i s studied by an analyzer. These measurements 
of the s i g n a l i n the radiation detector were made at each wavelength 
for ( = -Ji- ; y A = 0; + r j L ) # F r o m t h e s e t h r e e r e c o r i i e d 
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i n t e n s i t i e s , o p t i c a l constants and normal- incidence r e f l e c t i v i t y were• 
calculated as discussed i n sections k.2. and The values of r e f l e c -
t i v i t y obtained t h i s way were then compared with those d i r e c t l y measured 
using the experimental s e t up which i s shown on F i g IV. 1!. 
^•^.2 Source of Radiation 
A quartz iodine lamp operating at 12V, 100W was used as a r a d i a -
t i o n source. A s t a b i l i s e d d.c. power supply was used to eliminate 
fluctuation of power. 
k•k•3 The Monochromator 
A modified P.M.2. Grubb Parsons s i n g l e prism monochromator was 
used with a 60° prism to produce monochromatic ra d i a t i o n for wavelengths 
up to 'f/U.m. I n the region of photon energies 0.3 - J>»0 eV a Spect r o s i l 
prism was used. The c a l i b r a t i o n curve for the S p e c t r o s i l prism i s 
shown i n FigsW5 andW6. Most of the measurements were made up to 
where cut off.in_txansmiss_ion of Spectrosil- A occurs. 
The r e s u l t s of previous workers indicate that low temperature 
absorption bands of Bare Earths were rather broad ( 0.3eV), A resolv-
ing power of about 20 was considered adequate for the present work. 
^•4.4 Detecting system 
1) For the measurements i n the v i s i b l e and near i n f r a - r e d 
region (kOOO X - 10000 X) a s e n s i t i v e SGD-iOO photo-diode was used 
as a rad i a t i o n receiver. ._ 
2) For measurements i n the infra-red region a Grubb Parson's 
thermocouple detector with a KBr window was used. This detector was 
employed with a transformer to match the impedance of the thermocouple 
detector. A t y p i c a l a.c. output on the secondary of the transformer 
was 100 /*V. 
The system of si g n a l detection was d i f f e r e n t i a l . The radiation 
coming out oi the radiation source was chopped by a 10Hz chopper. The 
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a»c. s i g n a l from the radiation detector corresponding to- the r a d i a t - . 
ion .Intensity passing through the o p t i c a l system was then amplified 
.using usual techniques of phase s e n s i t i v e detection. The reference 
s i g n a l for the phase s e n s i t i v e detector was generated at the chopper 
using a simple c i r c u i t with a phototransistor 0CP71. 
The a.c. output from the detector was amplified by a low noise 
am p l i f i e r (LNA) made by Brookdeal El e c t r o n i c s (type LA^O). The 
amplifier had a variable band width (3 dB points) and for the opera-
tion at 10Hz the points were set at 1Hz and 100Kz. The maximum, gain 
of 100 dB (x 10^ voltage gain) was adjustable i n 10 dB steps and 
with a fine continuous gain adjustment (from 0 to -12 dB). The 
input impedance of the LNA could be switched to 80kjfl,t 1C0.^IL and 
50Mifti. The output impedance was 100Jl. 
From the above c h a r a c t e r i s t i c s i t i s evident that the Brookdeal 
LA^JJOwas quite adequate for the purpose. The phase s e n s i t i v e detector 
used with LA^O i n the e a r l y stages of the work was the Brookdeal 
detector type 401, At the l a s t stages of the work a Solatron DVM d.c. 
d i g i t a l voltmeter was used instead of a phase s e n s i t i v e detector, The 
D.C. output voltage from the meter c i r c u i t of the LA '+50 was taken to 
the input of the Solatron DVM. This arrangement decreased errors i n 
reading the reflectance r a t i o s due to fluctuations of the measured 
i n t e n s i t i e s by approximately 50/6. 
Special care was taken to obtain correct output s i g n a l v a r i a t i o n 
with .rotation of the analyzer. I t was found important to use the type 
of analyzer which did not s h i f t the transmitted beam during rotation* 
A s i m i l a r problem may a r i s e due to the spurious p o l a r i z a t i o n of the 
detector. To eliminate these d i f f i c u l t i e s a p o l a r i z e r with planes 
normal to the o p t i c a l a x i s was used as an analyzer. To work out the 
allowance for the spurious detector polarization the radiation was 
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allowed to pass through the op t i c a l system using a prism without the 
metallic film and the v a r i a t i o n of the detector signal with the rotation 
of the analyser gave the allowance of the detector polarization. 
4.4.5« Specimen holder 
Pig IV.2 and F i g IV 7 show the cryostat and a specimen holder used 
for the present polarimetric investigations of Rare Earth t h i n f i l m B . 
The o p t i c a l constants were measured by i n t e r n a l r e f l e c t i o n from the films 
deposited onto the base of a fused s i l i c a prism cut as indicated i n 
F i g IV,8 to give an angle of incidence of 75°* The prism was placed on 
to the sample holder at the bottom of the c r y o s t a t . As inside r e f l e c t i o n 
was used for the measurements i t was necessary to avoid any spurious 
birefringence of the s i l i c a prism due to s t r a i n . The prism material was 
sp e c t r o s i l (A-quality) s p e c i a l l y selected as " s t r a i n free", and i t was 
obtained from Thermal Syndicate' Ltd., Wallsend, Newcastle-upon-Tyne. While 
placing the prism onto the sample holder, s p e c i a l care had to be taken not 
to clamp the prism. The prism was located i n a deep groove and a very 
li g h t spring kept the prism i n the contact with the sample holder. The 
bottom part of the prism was s l i g h t l y smeared with vacuum grease to get 
better thermal contact with the sample holder. Optical constants of the 
uncoated prism were measured both at ambient and low temperatures to be 
sure that no spurious e f f e c t s are involved. Elli p s o m e t r i c parameters and A 
of an uncoated prism should s a t i s f y the following conditions 
(1+oo.A) . 2 s i n ^ tg Zf/(t's 2f- j j j . ) 1 7 1 1 
(rt» i s r e f r a c t i v e index of s r e c t r o s i l , ^ i s angle of incidence) 
as follows from equation IV.5• For prism p o l a r i z e r s this agreed for the 
me&suredAto .within +0«1° even at low temperatures showing that double 
refra c t i o n i n the prism and the cryostat windows could be neglected. Low 
temperature' cryostat windows were made of the same material as the prism. 
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Values of r e f r a c t i v e index of s p e c t r o s i l A used i n equation IV.11. were 
obtained from the published t e c h n i c a l Data supplied by Thermal Syndicate.Ltd. 
The values i n the v i s i b l e range were checked by the author using a minimum 
deviation technique. 
Considerable effort was made to obtain accurate prism location 
during the experiments since an error in(£ and Acould a r i s e i f the prism 
o 
i s placed so that the angle of incidence was different from 75 » to 
the big dispersion of S p e c t r o s i l A i n the infra-red region. 
4.4.6. The Cryostat 
The cryostat for helium temperatures was capable of working i n the 
temperature range 4«2°K to room temperature. The cryostat was made of 
three parts 
a) the "double" glass dewar 
b) the middle part 
and c) cryostat cup. 
a) The Glass , part of the cryostat was made of Pyrex glaES. The 
outer part served as a l i q u i d nitrogen dewar and. the inner part o'f: the 
dewar was for l i q u i d helium. The sample holder was attached to the bottom 
of the helium dewar with a glass-to-metal s e a l as shown in F i g IV.7. 
The inner parts of the dewar were s i l v e r e d i n order to protect the helium 
dewar from heating by r a d i a t i o n . The c o l l a r of.the glass part was ground 
f l a t so that i t made a vacuum f i t on to the_"0"-ring junction with the 
metal part. I n order to avoid any r e l a t i v e movement the dewar was t i e d 
to the middle part using a wooden c o l l a r with six- screws. 
b) The middle part was made of brass. There were vacuum leads 
through for the thermocouple placed in i t . The brass part was fastened 
on to a massive s t e e l stand with three legs r e s t i n g on the ellipsometer 
table. The s t e e l stand was made as massive as possible. The three s t e e l 
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legs 1" i n diameter were welded to the stand triangle as indicated on the 
F i g IV.2. The top of the helium cryostat was mounted onto the three s t e e l 
rods which were screwed into the triangle of the s t e e l stand. 
c) The Cr.yostat cup, was made of brass and had an "0" ring to make 
a vacuum t i g h t connection with the middle part. I t had three windows 
for oblique incidence r e f l e c t i v i t y measurements. The angle between the 
windows was 75° • The cup closed the working chamber which was evacuated 
through the f l e x i b l e vacuum tube attached to the middle part of the 
-5 
crypstat. Typical vacuum inside the cryostat was 10 mm Hg. 
4.4.7. Ellipsometer "table. 
This was made of three s t e e l concentric disc s with b a l l bearings 
i n between and was designed so that no r e l a t i v e motion was possible between 
the d i s c s . I t was supported on three points ^o give adjustable height. 
The plane of the table was set p a r a l l e l t c the op t i c a l path by the use of 
a fine l e v e l . The_.cry.o.s.t.at_Lwas screwed on to the middle d i s c on which 
the scale for the angle of incidence was placed. The scale was big 
enough to read to an accuracy of + 0.1° of are.. 
4.4.8. F o l a r i z e r s . 
In the v i s i b l e and i n f r a - r e d ranges, Glan-rThomson prism polarizers 
were used. Below 0.5 eV selenium f i l m p o l a r i z e r s were used s i m i l a r to 
these described by B u i j s (1°-6G)» Eight selenium films were mounted or, a 
piece of 1.5 inch perspex tube at an angle of 25°-to.the axis of the tube. 
The e f f i c i e n c y of the p o l a r i a e r s was estimated from the minimum and 
maximum intensities-when r a d i a t i o n was passed through p o l a r i z e r s * The 
estimated value was 0.995" > The corrections for the unpolarized component 
.were worked out from the measurements of the r e f r a c t i v e index of an 
uncoated prism using the ellipsometer with selenium p o l a r i z e r s and using 
data for the r e f r a c t i v e index of s p e c t r o s i l A obtained from Thermal 
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4 . 5 . Thin Film Freparation. 
The Rare Earth Ketals have a high a f f i n i t y for oxygen, even in the 
bulk form and since t h e i r melting points are only in the region of 15C0°C 
i t appears that fa s t evaporation in high vacuum w i l l most e f f i c i e n t l y r e -
duce contamination by oxygen and water vapour. 
a) The vacuum system used for the present work had a conventional 
layout employing two diff u s i o n pumps i n s e r i e s , a rotary pump and a ' 
li q u i d nitrogen cold trap. • The Fyrex b e l l j a r closed the working -chamber. 
There was also a small chamber attached to i t where activated alumina 
was held to reduce contamination by oxygen and water molecules during the 
evaporation. The b e l l j a r was baked out for eight hours before evaporation 
took place. The lowest pressure achieved i n the chamber using the' l i q u i d 
nitrogen cold trap and bake out was- 2 .10 'mm Kg* I n order to achieve a 
lower pressure than 2.10^mm Hg a pre-evaporation of SiO and rare earth 
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metals was used. This then gave the pressure of 10 mm Kg j u s t before 
evaporation. The system i s described i n d e t a i l by Lodge ( 1 9 6 9 ) ( F i g . 
IV.9). 
b) Substrates. Glass substrates 1" x J " x , 032" were used primarily 
for the r e s i s t i v i t y measurements. A fused s i l i c a prism and a s i l i c a 
glass plate were used for the op t i c a l measurements. The method of 
substrate cleaning"__adopted for the present work was a modification of the 
technique reported by F.M.K. Lodge ( 1 9 6 9 ) . I t 
consisted of ul t r a s o n i c cleaning of the substrate' in the 0.1j£ solution 
of Teepol i n hot d i s t i l l e d water followed by ultrasonic cleaning i n 
isopropylalcohol. . Immediately a f t e r cleaning, the substrate was inserted 
i n the substrate holder of the evaporation system and evacuation was 
commenced. 
54. " 
I t i s important to make the transfer as quickly as possible to 
reduce the density of small p a r t i c l e s which set on the surface. 
During the early stages of the pump down period to the working 
pressure the substrate was heated to approximately 2C0°C for eight 
hours by i r r a d i a t i o n from a 250W quartz iodine lamp attached to the 
substrate holder to bake out res i d u a l absorbed gasses from the substrate. 
c) The f i l m evaporation. The Heavy Rare Earth metals i n the-form 
of small c h i p 6 of purity 99-9$ were supplied by Koch-Light Laboratories 
Ltd. The powder was evaporated by r e s i s t i v e heating of a tantalum boat 
of dimensions. 4 cm x 1 cm x 0.01 cm. Neodymium and Ytterbium were 
evaporated i n the form of very thin, sheets cut from the bulk material i n an 
Argon atmosphere. The bulk material of purity 99»9J° was also supplied by 
Koch-Light Laboratories. 
P r i o r to evaporation, the boats and t h e i r charges were thoroughly 
outgassed by passing a moderate current through them, i n s u f f i c i e n t to 
cause evaporation, but enough to drive off the residual gas. During t h i s , 
the substrate was shielded from the source by a s t a i n l e s s s t e e l shutter, 
which could be removed magnetically from outside of the system. I n order 
to a s s i s t the aggregation of the fi l m , the substrate temperature was allowed 
to regain the ambient room temperature. Then the source was slowly brought 
up to the melting point of the evapcrant. When melting occurred, the 
shutter was opened, the_ power was sharply r a i s e d and the source material 
was evaporated i n four seconds. . The temperature of the substrate usually 
rose to approximately 70°C, owing to radiation from the source. When 
evaporation was completed, the power was at once transferred to the boat 
containing outgassed SiO and the metal f i l m was over-deposited by a 
protective l a y e r of SiO, Following t h i s , the film was annealed at about 
300°C i n high vacuum (1.10 ''mm Hg) for 20 minutes before being l e f t to return 
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to ambient temperature while -under vacuum. This i s s i m i l a r to the 
annealing procedure used by Schul'er (19&3) to reduce the r e s i d u a l r e -
s i s t i v i t y of. thir. films due to s t r a i n . Three films wore grown during 
every evaporation as discussed above* 
The thickness of the fil m was estimated from the weight of the. 
metal evaporated from the boat.as discussed by Lodge (^96^). In l a t e r 
stages i t was measured by an interferometric microscope. 
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CHAPTER V 
RESULTS 
5.1 Introduction 
Using the method described in Chapter IV, the o p t i c a l c h a r a c t e r i s t i c s 
have been determined f o r t h i n films of the heavy rare earth elements, 
gadolinium, terbium, dysprosium, holmium, erbium and ytterbium and for 
the l i g h t element neodymium. The measurements were c a r r i e d out at a 
number of temperatures between 4*2 and 300°K. In the following, the 
detailed variations of the o p t i c a l conductivity (j (u)) and the r e a l part of 
the d i e l e c t r i c constant £ (i*) with both the incident photon energy and 
sample temperature are given element by element, the discussion being 
reserved i n toto for Chapter V I . 
Before giving these r e s u l t s however, i t i s necessary to make the 
following points. 
a) The previous r e s u l t s of Lodge (l9^9) » and. Schuler (1363) on 
films prepared i n a s i m i l a r way to those presently under investigation, 
which involved e l e c t r i c a l conductivity and magnetoresistarice showed that 
these properties are very s i m i l a r to those of p o l y c r y s t a l l i n e material. 
I n view of t h i s we assume s i m i l a r l y to Hodgeon and Cleyet (1969) that 
the reported values of and £{(<»J) are averaged values taken over a l l • 
l a t t i c e d i r e c t i o n s . 
b) Since the grain s i z e i s very much smaller than the diameter of the 
incident beam, and the films are not magnetized, then i t can be' anticipated 
that the Kerr effect- plays no part in the form of the r e s u l t s . 
c) The gap i n the observations near t o A ° 2.*^M.m occurs as a r e s u l t 
of the•absorption of the s p e c t r o s i l A substrates at that wavelength. The 
absorption curve for the material used for the substrates i s shown in Pig V.1. 
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d) ExDerimenual_errorB 
Random error in the determination of 6 (to) and ^(w) by ellipsometry 
was due to fluctuations of the.detected i n t e n s i t i e s . For photon energies 
ST \ 
above 0.5 eV the random flu c t u a t i o n of the i n t e n s i t i e s v/as l e s s than — 
I '.loo 
giving the random errors in (j ((O) and SA (o>) as 
^ - I A / £ + $° provided \ ^ \ ^ 0 . 4 . 
The r e l a t i v e e r r o r in E1 rapidly increases as £4goes to zero. For photon 
cj-r 
energies below 0.5 eV the i n t e n s i t y fluctuations £^ 7. were l e s s than 1$S 
4-
and. the' random error increased accordingly, i . e . 
( 5 ( w ) , -g^- 4 12£ provided =S 0.4 
For any set of readings there was a factor constant i n Ci and £4 
which did not exceed + 1.6?s due to the l i m i t a t i o n on the accuracy with which 
the angle of incidence could be s e t . This did not,of course, affect the 
observation of structure i l l the curves of o p t i c a l conductivity against photon 
energy. The errors due to the settings of zero azimuths were small with 
respect to the random erro r . 
The v a r i a t i o n s of absolute values of ^ (<*J) and £.,(<-)) from fil m to f i l m 
are discussed i n the following sections. 
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5.2 Gadolinium 
F i g V 2 shows the values of C)(U>) and £4(U>) for the photon energy fa***) 
range from 0.50 eV to 2.5 eV at temperatures of 300°K, 90°K and 50°K. 
Limited measurements were also made up to "Kw <= 5 <*V by observations of 
the transmission through very thin films («600A). The only s i g n i f i c a n t 
structure observed i n t h i s extended range occurred near to 5 eV, but the . 
resolution of the system i n t h i s region was very poor. The changes i n 
r e f l e c t i v i t y caused by magnetic ordering at low temperatures were evaluated 
from the r e s u l t s of F i g V.2 using equation D.14 and are shown i n F i g V.3. 
The form of these changes agrees very c l o s e l y with those derived i n a 
s i m i l a r way by Hodgson and Cleyet and those observed by direct 
measurement of ref l e c t i v i t y by Sohuler (19^5") • The absolute values of 
6 (U) and £4(£0) d i f f e r by only a few percent from those of Hodgson. 
This difference i s well within the l i m i t s of error discussed below. 
The absolute values of both and ^ (w) varied from f i l m to f i l m 
by + 7*0%, depending on the ultimate evaporation pressure, the annealing 
procedure, the evaporation rate and so on. The basic form of t h e i r energy 
dependencejhowever, remained unchanged. 
The room temperature r e s u l t s , corresponding to the paramagnetic phase 
of gadolinium, show only the rapid-changes in^?(w) and £,(W) at low energies 
which are to be expected from, the Drude contribution to the optical 
properties,' and a broad peak i n 6 ( t i ) centred at 'fito a .2.0 eV which i s un-
doubtedly associated with the many possible, interband t r a n s i t i o n s i n the 
material'. On cooling there i s no sudden change in the form of the curve 
at the magnetic t r a n s i t i o n temperature, rather the minimum ih(3(w) near 
to '*>u> a 0.7 eV gradually becomes shallower and f i n a l l y develop s- into the 
peak at 0.7 eV. This ib i n agreement with the r e s u l t s of e a r l i e r workers, 
although the low temperature peak reported by Hodgson at 1,1 eV was not 
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observed i n any of the specimens used i n t h i s i n v e s t i g a t i o n . 
5.3 Terbium 
The frequency dependence of and £J<") f o r t h i s metal a t 300°K, 
77°K and 20°K a re shown i n Fi£ V.4 over the r a n g e 0 . 3 3 eV - 2.5 eV. • 
I n the paramagnetic r e g i o n the form of the r e s u l t s i s s i m i l a r to those of 
gadolinium and again no d r a s t i c changes a r e found as the temperature i s 
decre a s e d through the two o r d e r i n g t e m p e r a t u r e s . The o p t i c a l c o n d u c t i v i t y 
(d (f*I) i n c r e a s e s g r a d u a l l y i n the v i c i n i t y o f the minimum ( n e a r t o 0.7 eV) 
as the temperature i s lowered and d e c r e a s e s above 1 eV. At l i q u i d n i t r o g e n 
temperatures t h i s i n c r e a s e may perhaps be r e s o l v e d i n t o a double peak, w i t h 
maxima a t 0.7 eV and C.56 eV. On f u r t h e r c o o l i n g to 20°K an unexpected 
r i s e w i t h r e s p e c t to the 77°K curve appears a t about 0*5 eV« 
The changes i n 6 ( W ) caused by r e d u c i n g the temperature, and presumably 
t h e r e f o r e a r i s i n g a s the r e s u l t of magnetic o r d e r i n g a r e shown i n F i g V.6 
i n which t h e s e low energy peaks are c l e a r l y v i s i b l e . A l s o from t h i s f i g u r e 
i t i s e v i d e n t t h a t between 1 and 1.5 eV the t o t a l v a l u e of C> (<*)) d e c r e a s e s 
on o r d e r i n g , an e f f e c t which one must assume i s r e l a t e d t o t h e i n c r e a s e i n 
6'(<v) a * lower e n e r g i e s . 
The c a l c u l a t e d v a r i a t i o n . o f the f r a c t i o n a l r e f l e c t i v i t y change on 
c o o l i n g to 77°K and 20°K (AR a. B^ S q'' k^ ^ i B shown i n F i g V.5, the v a l u e s 
being d e r i v e d from the d a t a o f F i g V.4* A l s o shown i n t h i s f i g u r e i s 
the measured AR/R value o b t a i n e d d i r e c t l y u s i n g normal i n c i d e n c e r e f l e c t > -
i v i t y o b s e r v a t i o n s . The d i r e c t l y measured absolute v a l u e s o f . 
s u f f e r from the s y s t e m a t i c e r r o r s which a r i s e because o f the sample h o l d e r 
d e s i g n which was inadequate t o o b t a i n v a l u e s o f (iS) to be b e t t e r 
than + yfo a c c u r a c y . On the o t h e r hand the slope of the curve &J?/R i s 
q u i t e meaningful and p r o v i d e s a q u a l i t a t i v e comparison w i t h t h a t c a l c u l a t e d 
from r e s u l t s i n F i g V.5. 
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Again the form of the b a s i c r e s u l t s ( F i g V.4) are s i m i l a r to those 
obtained independently by Hodgson, to whom I am indebted f o r his? k i n d ness 
in. a l l o w i n g me to see h i s d a t a before p u b l i c a t i o n . Minor d i f f e r e n c e s 
e x i s t however, i n t h a t a t high e n e r g i e s Hodgson's peak i n 6 ( v J ) occurs a t . 
1,6 eV compared t o 1.9 eV i n F i g V.4, and a t low temperatures he d i d not. 
observe any peak near to"tu;«s 0.55 sV# Because of t h i s d i f f e r e n c e a t low 
e n e r g i e s the measurements were repeated s e v e r a l times on a s e r i e s of 
d i f f e r e n t f i l m s and i n a l l c a s e s i t was p o s s i b l e to d e t e c t some s t r u c t u r e 
i n t h i s r e g i o n . 
The form of the r e s u l t s i s v e r y d i f f e r e n t from those o f P e t r a k i a n 
(1972) p a r t i c u l a r l y a t high photon e n e r g i e s a s shown i n F i g V.7* H i s 
measurements were c a r r i e d out on extremely t h i n f i l m s evaporated i n s i t u . 
F e t r a k i a n ' s r e s u l t s f o r the o t h e r metals a r e a l s o d i f f e r e n t from those of 
Hodgson e t . a l . (1969) and .3chill<ar (196S) and a l s o d i f f e r from these d e s c r i b e d 
i n t h i s t h e s i s . He a t t r i b u t e s these d i f f e r e n c e s to the e f f e c t s of 
o x i d a t i o n i n previous r e s u l t s . 
I n o r d er t o e s t a b l i s h whether t h i s was j u s t i f i a b l e , or whether a t 
the f i l m t h i c k n e s s e s used by F e t r a k i a n the e l e c t r o n i c s t r u c t u r e of the 
metal i s fundamentally d i f f e r e n t from the " b u l k - l i k e " f i l m s used by Hodgson, 
Schille r , and myself, measurements were made on d e l i b e r a t e l y o x i d i s e d f i l m s . 
The r e s u l t s of these measurements which were made on u n p r o t e c t e d f i l m s 
heated i n a i r a t 900°K f o r v a r i o u s times a r e shown i n B'ig V.™. The 
r e s u l t i n g change inC3 (u)) caused by the o x i d a t i o n l e a d s t o r e s u l t s which 
are s i m i l a r to those o f F'etrakian. I t s h o u l d be remembered however, 
t h a t s i n c e we-are o b s e r v i n g r e f l e c t i o n a t the i n s i d e f a c e , the r e s u l t 
of o x i d a t i o n i s to cause an e f f e c t i v e d e c r e a s e i n the t h i c k n e s s of the . 
• m e t a l l i c p o r t i o n of the f i l m . VJe must conclude t h e r e f o r e t h a t the 
d i f f e r e n c e s between the two d i f f e r e n t s e t s o f r e s u l t s a r e not due to the 
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o x i d a t i o n of the samples p r e s e n t l y under i n v e s t i g a t i o n . I t i s p o s s i b l e 
however, that, the presence of oxide i n t h e v e r y t h i n f i l m samples of F e t r a k i a n 
could l e a d t o the observed d i f f e r e n c e s , although i n view of the v e r y good 
vacuum c o n d i t i o n s he used on evaporation i t would seem more l i k e l y t h a t 
the d i f f e r e n c e s occur as t h e r e s u l t of changes i n the d e t a i l e d e l e c t r o n i c 
s t r u c t u r e caused by the s m a l l t h i c k n e s s dimension i n h i s f i l m s . 
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F i g V.7 Comparison of o p t i c a l c o n s t a n t s of Tb gilm a f t e r 
e v a p oration ( l ) and o x i d i s e d by h e a t i n g a t 600 C i i i a i r 
( 2 ) . T y p i c a l d a t a f o r heavy r a r e e a r t h s o b t a i n e d by 
P e t r a k i a n ( 3 ) (in atrbinnciiry units) 
5-4« Dysprosium 
P i g V.8 shows the photon energy dependence of6(u;) andf 4(u)) at 
room temperature, 9?°K and 5£)°K, corresponding to t h e p a r a - , a n t i f e r r o - , 
and f e r r o m a g n e t i c phases o f dysprosium. There i s a v e r y s l i g h t 
s t r u c t u r e inA<3(<*>) -^^yS^ " ^ 3 0 0 ° K ^ n e a r t 0 e V * w n i c h * 8 i n 
agreement w i t h the anomaly i n the normal i n c i d e n c e r e f l e c t i v i t y measure-
ments r e p o r t e d by S c h i l l e r (1965). A comparison of the energy dependence 
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o f the r e f l e c t i v i t y d e r i v e d from these e l l i p B o m e t r i c measurements with t h e 
d i r e c t measurements of S c h i l l e r , i s shown i n F i g V .9 from which i t may be 
seen t h a t t h e s e are i n r e a s o n a b l e agreement. 
R e s i s t i v i t y measurements were a l s o made on-dysprosium f i l m s , the 
r e s u l t s f o r one of which a r e shown i n F i g V .10 . The form of the curve. <ps(T) 
was r e p r o d u c i b l e but t h e r e s i d u a l r e s i s t i v i t y was s t r o n g l y dependent upon 
the method of p r e p a r a t i o n . The minimum r e s i d u a l c o n t r i b u t i o n was found f o r 
f i l m s t h a t had been a n n e a l e d f o r 45 min. immediately a f t e r e v a p o r a t i o n . 
T h e ? s ( T ) curve c l e a r l y shows magnetic t r a n s i t i o n s at the Neel point (180°K). 
A s i m i l a r dependence on .the-preparation procedure was found i n 
measurements of the o p t i c a l p r o p e r t i e s , the form of the c u r v e s d e s c r i b i n g 
both^(u>) and £^ (u>) and the a b s o l u t e v a l u e s o f these q u a n t i t i e s appeared t o 
be much more s e n s i t i v e t o t h e subBtrate temperature d u r i n g evaporation than 
d i d any o f t h e o t h e r heavy r a r e e a r t h m e t a l s . 
I n o r d e r t o o b t a i n r e p r o d u c i b l e low temperature changes A 6 ( 0 ) and 
kSfa) i t w a s n e c e s s a r y t o evaporate w i t h t h e s u b s t r a t e a t room temperature. 
I n one i n s t a n c e i t was found t h a t a change i n s u b s t r a t e temperature from 
440°K to 3C0°K r e s u l t e d i n a r e v e r s a l o f s i g n of ££.(w) a t low temperatures 
even though the 6 ^ ) dependences appeared i d e n t i c a l . 
An attempt was made t o d e t e c t the K e r r - * e f f e c t i n the a n t i - f e r r o m a g n e t i c 
range where the c r i t i c a l f i e l d n e c e s s a r y t o induce f e r r o m a g n e t i c o r d e r i n g 
i n dysprosium i s q u i t e low. The "applied f i e l d was produced" u s i n g a 
Helmholtz c o i l system w i t h the f i e l d p a r a l l e l to the f i l m p l a n e . • No changes 
were observed w i t h i n the s e n s i t i v i t y l i m i t o f the apparatus ( i n t e n s i t y 
change 1 0 $ ) . F u r t h e r , no changes ( t o w i t h i n O.OlJo) were de t e c t e d i n the 
r e f l e c t i v i t y a t 90°K u s i n g a . c . f i e l d s of 1k0e (rms) i n c o n j u n c t i o n w i t h 
a phase s e n s i t i v e d e t e c t i o n system. These negative r e s u l t s appear t o ' 
confirm the f i n d i n g s o f Cooper and Haddington (1965). 
63. 
.Both trar.BmisBitfn and e l l i p s o m e t r y measurements were c a r r i e d out 
•between 3 eV and 5 eV, but t h e r e was no evidence of any s t r u c t u r e i n 
e i t h e r (•>(u)) or £^ (ui) dependence i n t h i s range. 
5.5 Holmium 
P i g V.11 shows the energy dependence of 6(id) and a t room 
temperature, 97°K and 20°K. There i s an e v i d e n t s t r u c t u r e i n 6 ( w ) a t 
20°K below 0.35 eV. T h i s s t r u c t u r e i s comparable w i t h the s t r u c t u r e 
observed by Schiller. (1963) i n i n f r a - r e d r e f l e c t i v i t y o f Holmium t h i n f i l m s 
belowjthe K e e l p o i n t (120°K). The f r a c t i o n a l changes i n the r e f l e c t i v i t y 
on c o o l i n g t o 20°K a s c a l c u l a t e d from the d a t a on P i g V.11 are shown-
R 
on F i g V.11 . The changes-in the o p t i c a l p r o p e r t i e s a g a i n o c c u r r e d 
g r a d u a l l y on c o o l i n g showing no d r a s t i c behaviour at the C u r i e temperature 
(56°K), 
T h i s i s v e r y s i m i l a r t o what has been a l r e a d y mentioned above f o r 
Gd, Tb and Dy. I f we compare the v a l u e s of AR (f^o V I ! c a l c u l a t e d from 
R 
the e l l i p s o m e t r i c . . d a t a w i t h those d i r e c t l y obtained by S c h u l e r we n o t i c e 
only a q u a l i t a t i v e agreement. T h i s would probably be caused by the 
l i m i t a t i o n s imposed by the p o l a r i z e r i n the f a r i n f r a - r e d r e g i o n between 
0.33 eV and 0.44 to o b t a i n absolute v a l u e s of o p t i c a l c o n s t a n t s from 
which i s c a l c u l a t e d . ^ £ t h e r e f o r e s u f f e r s q u i t e a l a r g e 5  < ^ 
s y s t e m a t i c e r r o r even though changes A 6 ( & ) i n o p t i c a l c o n d u c t i v i t y were 
q u i t e c o n s i s t e n t i n t h a t r e g i o n . ( P i g W l a ) . 
5.6 Erbium 
The o p t i c a l c o n s t a n t s of Erbium f i l m s obtained by t h e present method 
are shown on F i g V.12. The room temperature d a t a f o r E r show a 
behaviour which i s c h a r a c t e r i s t i c of t h e r e s t of the heavy elements from 
Gd to Ho. At 20°K, which i s below the paramagnetic C u r i e p o i n t of b u l k 
m a t e r i a l (85°K), a new peak i n 6 ( u i ) a t 0.38 eV appears which i s accompanied 
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by q u i t e a l a r g e i n c r e a s e i n the negative d i e l e c t r i c c o n s t a n t ( ^ E ^ ) - . 
The o v e r a l l f e a t u r e s o f the low temperature behaviour of o p t i c a l c o n s t a n t s 
however, i s s i m i l a r t o the Ho and Dy d a t a r a t h e r than to those o f Gadolinium 
and Terbium. To the au t h o r ' s knowledge no low temperature o p t i c a l d a t a 
have been r e p o r t e d f o r E r i n l i t e r a t u r e . 
5.7 Y t t e r b i u m 
The o p t i c a l c o n s t a n t s o f yt t e r b i u m a t room temperature and $0°K a r e 
shown i n F i g V.13. Comparison with the above d a t a f o r the heavy elements 
shows no common f e a t u r e s . ' I t i s a l s o worth n o t i c i n g t h a t the absolute 
v a l u e of 6(«*0 between 0.5 eV and 2.5 eV i s much s m a l l e r than the corresponding 
v a l u e s f o r the heavy r a r e e a r t h s . Measurements of the o p t i c a l p r o p e r t i e s 
of Yb have a l s o been r e p o r t e d by Muller (1965) and- E n d r i z and S p i c e r (1970)* 
The peak i h C v ( u ) a t 1.3 eV i n the pre s e n t d a t a corresponds t o the s l i g h t 
bump i n 6 (p) a t the same photon energy i n the d a t a o b t a i n e d by E n d r i z and 
Spi-ce-r (-1-970-)* -T-he peak i n - M u l l e r 1 8 r e s u l t s occurs a t s l i g h t l y h i g h e r 
photon e n e r g i e s . A b s o l u t e v a l u e s of 6 (to) reported by E n d r i z and S p i c e r 
are approximately 40^ h i g h e r than .the presented, .data. The v a l u e s 
obtained by E n d r i z and S p i c e r were c a l c u l a t e d from r e f l e c t a n c e d a t a which 
p r e s e n t s u n c e r t a i n t i e s i n low and high frequency e x t r a p o l a t i o n . To check 
on the d i s c r e p a n c y , r e f l e c t i v i t y was c a l c u l a t e d from e l l i p s o m e t r i c d a t a 
on. F i g V.13. The r e s u l t s o f these c a l c u l a t i o n s are shown i n F i g V .14. 
The p r e s e n t -values are s l i g h t l y h igher than- M u l l e r ' s d a t a and lower t h a n 
those o b t a i n e d by E n d r i z and S p i c e r . 
T h i s would probably be the cause of the d i s c r e p a n c y w i t h E n d r i z ' s 
- d a t a . 
5.8 Neodyroium-
An attempt was a l s o made to prepare t h i n f i l m s of l i g h t Rare E a r t h s 
which a r e comparatively more r e a c t i v e i n a i r than the heavy elements. 
Nd i s one example of the i n v e s t i g a t e d metal and the same technique was 
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Pig.V.15 O p t i c a l c o n d u c t i v i t y 6 ( u ) and d i e l e c t r i c 
c o n s t a n t £, (uJ) oi" Nel f i l m s a t "temperatures shown, 
"fcuJ i s t h e photon energy. . ^ ( ^ J s n k n J / S M ; S^-n^-k"; 
n,k a r e o p t i c a l c o n s t a n t s ) 
used as f o r the heavy el e m e n t s . 
P i g V .15 shows v a r i a t i o n of 6 a n d £,{«) with photon energy between 
0.5 eV and 2.5 eV a t 300°K and 95°K» Ko e x t r a peaks i n 60**) appeared on 
c o o l i n g t o the lower temperatures. The o n l y observable s t r u c t u r e a t 0.9 eV 
becomes more pronounced a t low temperatures. The i n t e r e s t i n g f e a t u r e 
o f t h e s e r e s u l t s i s t h a t t h e r e i s no broad peak in6( (o) between 1 eV"a.nd • 
2 eV. T h i s agrees w i t h r e s u l t s r e p o r t e d by Kern (1957) and w i t h those 
r e c e n t l y r e p o r t e d by F e t r a k i a n (1972) even though t h i s l a t t e r comparison 
should be c o n s i d e r e d r a t h e r c a r e f u l l y because F e t r a k i a n 1 s films.were much 
t h i n n e r than ours... 
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CHAPTER V I . 
fll'JGTSSIOM 
6.1 I n t r o d u c t i o n 
6.1.1 The Heavy Rare E a r t h s i n the Paramagnetic S t a t e 
I n t h i s Chapter the experimental r e s u l t s o f the r a r e e a r t h metals 
w i l l he d i s c u s s e d i n the l i g h t of evidence t h a t has appeared i n .the 
l i t e r a t u r e and d a t a d e s c r i b e d i n Chapter V. I f we compare the f r e q u -
ency dependence of the o p t i c a l constants of the heavy elements presented 
i n the p r e v i o u s Chapter we can n o t i c e some common f e a t u r e s i n the 
r e s u l t s . The room temperature curves of 6 ( o ) , ^ ( u ) are almost i d e n t i c a l 
and are c h a r a c t e r i s e d by a broad peak i n C)(co) between -1 .5 eV and 2 eV f • 
a minimum a t 6.7 eV and a l a r g e i n c r e a s e i n 6((*J) and (-£( u)) ^° lower 
photon e n e r g i e s due to a b s o r p t i o n by the f r e e c a r r i e r s . ' T h i s i s con-
s i s t e n t w i t h the r e c e n t l y r e p o r t e d c a l c u l a t i o n s of the e l e c t r o n i c 
s t r u c t u r e o f th e s e metals (^Watson e t a l . (1968), Keeton & Loucks (1968)) 
which show a l a r g e number o f p o s s i b l e d i r e c t o p t i c a l t r a n s i t i o n s above 
I.eV f o r a l l heavy R.E.'s. The d i r e c t o p t i c a l t r a n s i t i o n s a t the symmetry 
p o i n t s have been c o n s i d e r e d by Dimmock e t . a l . (1965)» S c h u l e r (1965) 
and P e t r a k i a n (1972); S c h u l e r ' E r e s u l t s a re p r e s e n t e d i n s e c t i o n 3.2 
( F i g . I I I . 1 ) . I n the a n a l y s e s made by thes e v/orkers n o n - r e l a t i v i s t i c 
band s t r u c t u r e s were employed. 
However, s i m i l a r r e s u l t s can. be obtained u s i n g r e l a t i v i s t i c band 
s t r u c t u r e s as may be seen from the f o l l o w i n g . U n f o r t u n a t e l y t h e r e i s no 
r e l a t i v i s t i ' c band s t r u c t u r e of heavy R.E.'s w i t h c a l c u l a t e d symmetry of 
the l e v e l s a v a i l a b l e i n the l i t e r a t u r e . However, comparing n o n - r e l a t i v i s t i c 
and r e l a t i v i s t i c energy bands i t was p o s s i b l e t o deduce, approximately, 
which of the n o n - r e l a t i v i s t i c l e v e l s are s p l i t by r e l a t i v i s t i c e f f e c t s . 
Then, u s i n g the r e l a t i o n s between the symmetries of n o n - r e l a t i v i s t i c and 
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r e l a t i v i s t i c s t a t e s d i s c u s s e d i n Appendix A ( T a b l e A1) i r r e d u c i b l e r e -
p r e s e n t a t i o n s corresponding t o the r e l a t i v i s t i o l e v e l s were deduced. The 
r e s u l t of t h i s procedure i s g i v e n i n P i g . VI.3 i n which r e l a t i v i s t i c 
energy l e v e l s o f Tb c a l c u l a t e d by Jackson (19^9) .were, l a b e l l e d . 
I n some casses, when a l e v e l i s s p l i t i n t o s e v e r a l l e v e l s by s p i n -
o r b i t i n t e r a c t i o n such a n a l y s i s , s o l e l y based on the group t h e o r e t i c a l 
c o n s i d e r a t i o n s , does not pr o v i d e f u l l i n f o r m a t i o n about the symmetries 
of the l e v e l s but r a t h e r g i v e s a l i s t of the symmetries which occur among 
the s p l i t l e v e l s without, n e c e s s a r i l y , b e i n g a b l e t o l a b e l e v e r y i n d i v i d u a l 
l e v e l . The u n c e r t a i n t y i s i n d i c a t e d by quo t i n g p o s s i b l e symmetry n o t a t i o n s 
together, i . e . Hfl J F . + P c + P/- e t c . 
U s i n g the Table 32 (Appendix B) o p t i c a l t r a n s i t i o n s a t symmetry 
p o i n t s were deduced. These a r e i n d i c a t e d i n P i g . V I. 3 . Comparison w i t h 
P i g . I I I . 1 shows that both r e l a t i v i s t i c and n o n - r e l a t i v i s t i c band s t r u c t u r e s 
p r e d i c t s i m i l a r o p t i c a l p r o p e r t i e s i n the paramagnetic phase. ( O p t i c a l 
t r a n s i t i o n s a t symmetry p o i n t s which do not o c c u r - i n P i g . I I I . 1 can "be 
d e r i v e d from P i g . I I . 8 and Appendix 3 ) . 
There a r e , however, o t h e r t r a n s i t i o n s , which were omitted i n the above 
a n a l y s i s and which are l i k e l y t o be e q u a l l y important. As may be seen 
from F i g . I I . 8 t h e r e are l a r g e f l a t bands along the symmetry axes T ,?,S,5 
T*t U , R both below Fermi l e v e l Ep and above Ep. T h e i r s e p a r a t i o n i s 
approximately 2 eV. As may be deduced from Table B1 (Appendix B) and P i g . 
I I * 8 . o p t i c a l t r a n s i t i o n s between these bands a re allowed. I t i s l i k e l y 
t h a t a s i m i l a r s i t u a t i o n a l s o o c c u r s a t t h e g e n e r a l p o i n t s of the B r i l l o u i n 
zone. These t r a n s i t i o n s which i n v o l v e a l a r g e a r e a of t h e B r i l l o u i n zone are 
l i k e l y to be q u i t e i n t e n s e . I n t e r p r e t a t i o n of the a b s o r p t i o n s p e c t r a connected 
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with such a complex system of interband t r a n s i t i o n s i s very complicated 
and needs a detailed knowledge of the band structure and e s p e c i a l l y 
t r a n s i t i o n matrix elements. 
6.1.2- Mechanisms involved i n the Optical E f f e c t of Magnetic Ordering 
of R.E. Metals 
As described i n the previous Chapter the most i n t e r e s t i n g feature 
of the present investigations i s the study of the o p t i c a l e f f e c t s of 
magnetic ordering i n R.E. metals. Since R.E. metals order at low temp-
eratures l e t us summarize the observed e f f e c t s of cooling on o p t i c a l 
properties.. These are as follows : 
1) Changes i n the o p t i c a l properties i n the paramagnetic 
range of R.E. metals are characterized by a decrease i n <3 ( u l ) i n the 
region of the free electron absorption ( i . e . below 1 eV). These changes 
occur i n the magnetic phases -also but are overshadowed by the other 
e f f e c t s mentioned below. Nevertheless 4 the free electron contribution 
to the e f f e c t of cooling has to be considered even i n the ordered phases 
2) The changes occur gradually on cooling and no sudden 
changes occur as the temperature i s decreased below the ordering temp-
erature. On the other hand, peaks i n (5 (<-»>) observed for the heavy 
R.E. metals below ordering temperatures are undoubtedly associated with 
ordering* 
3) Optical properties seem to be independent of the p a r t i c -
u l a r type of magnetic order as no changes i n o p t i c a l constants of Dyspro 
sium were recorded during the t r a n s i t i o n from the h e l i c a l to ferromagn-
e t i c ordering by an application of an a.c. magnetic f i e l d i n excess of 
c r i t i c a l f i e l d strength (s e c t i o n 5> )^ even though Dysprosium shows 
anomalies connected with magnetic ordering. 
k) Another i n t e r e s t i n g fact i s that the photon energies, at 
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which the low temperature peaks i n di^) of K.E. metals are located,, 
decrease along the R.E* s e r i e s from Gd towards Ho (Fig.VI . 1 ) i . e . the 
photon energy decreases as the t o t a l i o n i c moment of a metal decreases. 
As may also be seen from F i g . VI.1 the peak.positions on the photon 
energy s c a l e accord with the estimated values of the energy gaps prod-
uced by exchange s p l i t t i n g (Watson et. a l . (1968) ) • The estimations 
were based on a simple theory of the ferromagnetic exchange mentioned 
i n section 2.3.3 ( b ) , ( a ) . 
This suggests that exchange s p l i t t i n g i s a dominant force which 
i s responsible for the structures in 6 (t*J) below the ordering tempera-
tures.' 
The other feature which seems l i k e l y to be able to contribute to 
the o p t i c a l e f f e c t s i s the large magnetostriction, which occurs i n these 
metals and i t i s thought to be the driving force i n the s t a b i l i s a t i o n 
of ferromagnetic ordering i n these metals (Chapter I I ) . Magnetostric-
t i o n , characterised by changes i n the l a t t i c e constants £a, Ac below 
the ordering temperatures, produces changes i n the band structure ..which 
i n turn influence the o p t i c a l constants. The magnetostriction however, 
depends upon the p a r t i c u l a r type of magnetic order. For Dy, for example, 
i t produces changes i n the r a t i o —^=- 0.3$ at the t r a n s i t i o n tempera-
ture between a n t i f e r r o and ferromagnetic phases, which should remarkably 
change the o p t i c a l properties at t h i s temperature i f t h i s e f f e c t i s to be 
observed"by" optical, investigations. Since no such changes have been 
observed so f a r , magnetostriction does not seem to contribute to the 
op t i c a l e f f e c t s i n the frequency region presently under investigation. 
Another mechanism which, i n theory, may influence o p t i c a l proper-
t i e s i s absorption due to -transitions across the energy gap of a n t i f e r r o - • 
magnteic superzone boundaries. However, as discussed i n section 3«^ (b) 
and 2.3*3 (c) absorption.bands connected with such gaps are i n general 
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dependent on the type of the ordering which may again seem to be in 
disagreement with experimental r e s u l t s . On the other hand the e s t i -
mated s i z e s of the gaps at superaone boundaries have the same value 
as those caused by exchange ferromagnetic s p l i t t i n g . The band structure 
of the antiferroinagnetic metal i s too complicated to make further . . 
analysis worth while; investigations on single c r y s t a l s and c a l c u l a t -
ions of the conduction electron wavefunctionsara necessary. This also 
means working out symmetry of the wavefunctions. 
To return to the discussion of optical e f f e c t s due to the f e r r o -
magnetic exchange s p l i t t i n g r e l a t i v i s t i c energy bands o f R.E. metals 
are adopted, since r e l a t i v i s t i c e f f e c t s play an important role i n the 
heavy elements and n o n - r e l a t i v i s t i c band structures may not be accu-
rate enough for- interpretation of the e f f e c t s , which depend upon the 
fine l e v e l structure near to the Fermi l e v e l . The fine energy l e v e l 
structure i s available only for Tb and Dy(Keeton and Loucke (1968), 
Jackson (1969)) and i s shown i n Pigs. VI.3 and-VI.4. However, as already 
mentioned i n section 2.4 the electronic structures of heavy R.E. metals 
are very s i m i l a r and for further discussion the RAPW band structure of Tb 
shown in Pig. VI.3 can be regarded as t y p i c a l of a l l heavy R.E. metals. 
The mechanisms involved i n the optical e f f e c t of ferromagnetic 
exchange s p l i t t i n g are discussed in section 3.4 ( a ) . I t follows from 
t h i s section .that substantia*! spin orbit i n t e r a c t i o n , which occurs i n 
heavy R.E.'Bj i s l i k e l y to produce non-zero o p t i c a l t r a n s i t i o n proba-
b i l i t i e s for a l l l e v e l s which are within a h a l f of the exchange s p l i t t i n g 
energy of the Perini l e v e l . (The exchange s p l i t t i n g energy ie estimated 
by Dimmock e t . a l (1965) to be 0.4 eV). 
I t follows that i t i s necessary to consider general points of the 
B r i l l o u i n zone, a l l axes and symmetry points where l e v e l s l i e within 
I 
Fig.VI.3. R e l a t i v i s t i c energy bands of paramagnetic Sb 
(Jackson 1969) with indicated symmetries of the l e v e l s . 
Arrows ind i c a t e interb.vnd t r a n s i t i o n s ax the symmetry 
•joints i n the b r i l l o u i n zone. 
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0.2 eV of the Fermi l e v e l . 
The following discussion does not consider t r a n s i t i o n p r o b a b i l i t i e s 
due to'lack of the available theoretical data. 
6.2 Gadolinium and Terbium 
In the interpretation of the pre.seiit o p t i c a l effects i n terms of 
exchange s p l i t t i n g of bands near the Fermi l e v e l one must ask whether use • 
of the r e s u l t s of RAPW cal c u l a t i o n s for bulk material i s j u s t i f i e d f o r 
t h i n films. I n order to further examine t h i s point, Tb films were 
examined by X-ray diffraction.technique. The c r y s t a l structure, of the 
films proved to be hexagonal with c/a a x i a l r a t i o c/a s 1.583 + 0.005 
which i s s l i g h t l y in excess, of the bulk value (°/a)]3Uijc = 1*58 ueed for 
the band structure calculations of Tb (due to Jackson (1969)). The 
Fermi surface of Tb i s thought to be p a r t i c u l a r l y sensitive to any s l i g h t 
change i n the potential or structure which would r e s u l t in s h i f t s of 
the energy l e v e l near to the point L and which would resu l t i n large 
changes i n the occupation of the l e v e l s i n t h i s area. The temperature 
dependence of the r e s i s t i v i t y of Tb films near to the ordering tenperatureB 
c f the bulk material did not show any c l e a r evidence for the two t r a n s i t i o n 
temperatures at 229°K. and 22Q°K; only one peak was observed at about 220°K. 
This does not show conclusively that the antiferromagnetic phase i s V.fca. 
absent, but i t suggests that a reduction of the antiferroiragnetic tem-
perature range may have occurred. Tb has been examined more cl o s e l y 
than the other metals, because o f . t h i s s e n s i t i v i t y . Summarizing, the 
band structure for Tb - bulk material calculated by Jackson (19^9) can 
be used for films bearing i n mind that- the l e v e l s w i l l be s h i f t e d towards 
those corresponding to Qd. 
The f a c t that no antiferromagnetic structure in the o p t i c a l con-
ductivity of Tb was observed in the i n f r a - r e d i s not sur p r i s i n g , since 
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we cannot rule out the fact that the spin disorder scattering at these 
temperatures leads to a l i f e t i m e broadening of the absorption peaks making 
them unresolvable over the narrow temperature range (220 to- 229°K) of the 
h e l i c a l order. 
Because of the s l i g h t excess in the c/a r a t i o of Tb f i l m s towards 
the value corresponding to Gd we would expect the energy l e v e l near to 
the point L to be s l i g h t l y s h i f t e d towards or even below the Fermi l e v e l . 
The absorption band below 0.5 eV for Tb probably corresponds to the 
numerous t r a n s i t i o n s between the large exchange s p l i t portions of the 
conduction'bands along the symmetry axis S , since such f l a t portions are 
connected with a high j o i n t density of s t a t e s , as mentioned above. The 
fact that the peak in(3 (w) at 0.5 eV i s observed only at very low temp-
eratures indicates that one of the s p l i t bands i s very close to the Fermi 
l e v e l . The f i n a l decision however, can only be made by more detailed 
calculations of the energy l e v e l s for.various c/a r a t i o s and these are 
presently being evaluated. Because of the s i m i l a r i t y between the band 
diagrams of Gd and Tb, Gd may be discussed i n the came way as above, since 
the only difference from the Tb r e s u l t s would be that the energy l e v e l s 
at L probably l i e up to 0.6 eV below the .Fermi l e v e l since the webbing 
feature does.not appear in t h i s metal .(Keeton & Loucks (1968)). According 
to the above analysis intense t r a n s i t i o n s r e l a t e d to spin s p l i t bands 
may also occur at symmetry points H,K,M along axes S,P,RfT and possibly 
at general points of the B r i l l o u i n zone near to the point K producing the 
peak in<6(tO) at 0.7 eV, The general points are considered because the 
tr a n s i t i o n s between the spin s p l i t bands are " p a r a l l e l band t r a n s i t i o n s " 
(Section 3.4) i n which s i n g u l a r i t i e s in the j o i n t density of st a t e s occur 
at the general points. The decrease ih6(co) f o r photon energies above 
1 eV on cooling below the ordering temperature may be related to the peaks 
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i n (5(to) below 1 eV as may be seen from the following. At the point H 
four energy l e v e l s (denoted i n Pig.71.3 as Hg + K^i + Hg + Hg) occur 
very close to each other. These four l e v e l s were produced by the 
s p l i t t i n g due to the spin o r b i t interaction. When the l e v e l s at K are • 
s p l i t by the exchange i n t e r a c t i o n one of the spin-up bands may move-above 
the Fermi l e v e l and become unoccupied permitting new o p t i c a l t r a n s i t i o n s 
belcw 1 eV and at the same time reducing t r a n s i t i o n s to higher l e v e l s 
which occur about 1 eV. The same applies to the le v e l s at the point X 
and f l a t bands which occur near to t h i s point probably along a l l directions 
i n the B r i l l o u i n zone. 
Gd r e s u l t s may be discussed in the same way. 
6.3 Dysprosium 
A d i f f e r e n t s i t u a t i o n occurs i n Dysprosium, the l e v e l L ^ > 4 i s 
probably much further above the Fermi l e v e l so that i t might be 
possible that t h i s l e v e l does not take part in the o p t i c a l effects 
of the exchange s p l i t t i n g . At the same time the l e v e l s at points H 
and K probably do not contribute to the o p t i c a l properties. 
This i s the area where most of the intense t r a n s i t i o n s near 0.7eV 
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occur i n Tb and Gd producing quite a -broad structure i n (f(W) below 
leV and above the energy corresponding to the s i z e of the exchange 
energy gap. The fact that no such structures e x i s t for Dy, Ho, 
and Er. indicates that exchange s p l i t t i n g i n these three metals i s 
not large enough to s h i f t any of the l e v e l s at H and K above the Fermi 
l e v e l to make these t r a n s i t i o n s allowed. We therefore conclude 
that the difference between the Dy-like anomalies i n Cf(6J) and Tb-like 
anomalies may be attributed s o l e l y to the effect of exchange 
s p l i t t i n g near to the points H and K. Some q u a l i t a t i v e conclusions 
can therefore be made about the position of the f i r s t energy level, 
a t the point H and K. They probably l i e within 0.2-eV below the Fermi l e v e l 
Holmium and Erbium 
According to the recent r e l a t i v i s t i c calculations of the energy 
bands of Er and Ho the energy band structure i n these metals i s 
very s i m i l a r to that of Dy, the only differences, being near to the 
point L where the l e v e l L.^  ^ has. probably moved even further above 
the Fermi l e v e l producing a more pronounced webbing feature near to 
point L .(Keeton & Loucks (1968) ) . 
On cooling the Ho films down to 22°K ( i . e . below the 
.ordering temperatures) the broad absorption band with a maximum 
at 1.8eV remains almost unchanged and presumably a r i s e s from similar 
t r a n s i t i o n s to those responsible for the related peak in the other 
metals. No absorption band i s observed at 0.8eV which indicates a 
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s i m i l a r i t y with the Dy r e s u l t s . Since no peaks connected with 
ordering are observable i n Ho above 0.35eV the s i z e of the energy 
gap of Ho may be estimated to be l e s s than the predicted value of 
0.35eV (Watson et.al.1968). The rapid r i s e i n d'(W) near to 0.35eV 
however i - s probably associated with t h i s peak and i t s maximum may not 
be far below the observation l i m i t of 0.35eV, As has been indicated 
above }the absence of structure at O.ieV presumably occurs because 
the exchange s p l i t t i n g i s i n s u f f i c i e n t to cause the spin.down l e v e l s 
along P between H and K, and at H and K to move above the Fermi l e v e l 
and i n t h i s sense i s i d e n t i c a l to the behaviour of Dy. 
The only s i g n i f i c a n t difference between the r e s u l t s for 
E r and those discussed above for Ho i s the appearance at' 20°K of a 
r e l a t i v e l y sharp maximum i n <5"(<0) at 0.36eV. As may be seen from 
F i g . V.12 t h i s corresponds to the rapid r i s e in€ ((ui) at t h i s 
temperature7 ' I t s seems iike l y - t h " a t both of these features are 
connected with transitions involving exchange s p l i t bands. I t ?. 
i s unclear whether the peak position gives a measure of the 
exchange s p l i t t i n g d i r e c t l y , as we believe to be the case for the 
other metals, since i t s value would then be greater than that of 
Ho which i s not as predicted by Watson et.al.(1968), I t i s possible 
that the peak corresponds to tr a n s i t i o n s involving two exchange 
s p l i t l e v e l s at the same value of the wave-vect'or~~a& might be 
expected for the small .predicted exchange s p l i t t i n g s when appreciable 
interference due to the other bands might be expected. 
6.5 N.eodymium 
As may be seen from F i g . V.15 there i s a remarkable difference 
between these r e s u l t s and these of the heavy metals. I n order to 
understand these differences i t i s useful to examine the a v a i l a b l e 
d e t a i l s of the electronic structure i n these metals. Fig*.VI.2 and *f 
show a comparison of the band structures of a l l the double hexagonal 
l i g h t r a r e earth metals La, Pr and Nd and those of Dy, which i s 
taken as t y p i c a l of the h.c.p. heavy rare earth elements. I t i s 
cl e a r from t h i s comparison that: 
• a) the band structure near.the Fermi l e v e l i s much more 
complicated in Nd than i n the heavy rare earths and therefore there 
are r e l a t i v e l y more t r a n s i t i o n s possible i n the region 0.5eV to 
1iOeV than i n heavy rare earths where a minimum t y p i c a l l y occurs 
i n tfGu) at 0.7eV. 
b) the bands at~K and H are much more widely spread than 
for the heavy rare earths and there i s no band nesting near to point 
L. Further^no f l a t portion of the conduction band e x i s t s along 
the F-axis.Since i t i s l i k e l y that the tr a n s i t i o n s i n t h i s region 
are partly responsible for the <*"(u)) peak at 1.8eV i n the heavy ra r e 
earths,we should now expect at most only a s l i g h t maximum i n <3(U) 
for Nd at t h i s photon energy. 
Returning to the r e s u l t s ,the peak i n o ( u j at 0.85eV probably 
corresponds to the numerous allowed tr a n s i t i o n s near to points H and 
K. However nothing d e f i n i t e can be said i n t h i s respect without 
extensive work both theoretical and experimental. The low temperature 
values of6(u))are consistently smaller than those at room temperature, 
an effect'-which may a r i s e from a reduction of the l i f e t i m e broadening. 
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6.6 Ytterbium 
The r e s u l t s for Yb arc shown i n Pig. V.I3. There i s a peak i n 
at 1.3 .eV. This metal was chosen as a representative of the 
divalent rare earth metals. I t i s reported by Endria and Spicer (197^)-
that there i s a remarkable s i m i l a r i t y between the r e s u l t s of o p t i c a l " . . 
investigations of Yb and those of the alkaline-earth metals namely Sr.. 
Since no band structure calculations have been performed on Yb so 
f a r we use t h i s s i m i l a r i t y with Sr and employ the band structure c a l c u l a -
tions f or Sr i n the discussion of Yb, Pig. VI.5 shows the differences 
between the f i l l e d arid empty bands plotted along the symmetry l i n e s i n 
the f . c . c . Sr with the number of the equivalent symmetry points and faces.. 
Table V I . 1 shows photon energy of the peak inC)(<o) observed by various 
authors compared with the photon energies of the possible t r a n s i t i o n s as 
deduced from P i g . VI.5« I t may be noticed from Pig. VI.5 that some 
JLran8j,i.ip.ns might occ.ur_e.Yen -below 0,5 eV. Again detailed calculation 
of the energy bands of t h i s metal i s necessary. 
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TABLE VI 1 
Comparisons of experimentally determined peak positions i n the 
opt i c a l conductivity of Yb from the present investigation and the work of 
Muller( 1967) and Endriz and Spicer (1970) with the c r i t i c a l point energies deduced 
from the s i m i l a r i t y of the band structures of Sr and Yb. V\..S") 
Experimental 
for Yb 
PHOTON cMERG"i£&. of 
corresponding c r i t i c a l points i n Band structure 
W - X U(l ) . U(2) h 
Present 
Miiller 
Endriz & 
Spicer 
1.3 eV: 
1.8 eV 
1.4 eV 
.0.7-1,7 eV 0.7ev 1.1 «V 0.4eV 0.9 eV 
6,7 The r e s u l t s of Kramers-Kronig analysis 
Information about {Q(O>$ below "Rio= 0.35 ®V can be obtained from the 
Kramers-Kronig r e l a t i o n |jLancbv + Ilfsfeffi-6W6P)j 
&,_((•) - 1 = 8 x . I dw1 J I (p (w ' ) VI.1 w - O 
Consistent extrapolation of o p t i c a l conductivity <3(co) can be chosen by com-
paring the values of the d i e l e c t r i c constant 6^  calculated from t h i s 
r e l a t i o n with the d i r e c t l y observed values. The low energy extrapolation 
was made on an assumptidh that .the thermal broadening e f f e c t s at room temp-
erature w i l l l i m i t the possible structure i n the <S(w) curve below 0.5 eV and 
therefore there would be a good chance of finding a unique low 
energy extrapolation. This consisted of a simple free electron 
term which i s given by the Drude equation. 
VI. 2 
2 2 
1 + w X 
(the symbols are defined i n Section 3.3) 
TABLE VI.2. 
Low frequency extrapolation of room temperature 
. o p t i c a l conductivity of Rare Earth Metals 
Element 
( / t i l ) 
6(o)/ c 
ft<o) 
(JT-cm) 
h/tr 
(eV) 
• Corresp. 
r e s i s t i v . 
(./I cm) 
Norma-
lised' 
% 0 ) f o r 
d d § t g d <j>DC 
Gd 19.4; 20* 152 0.435; 0.4 130 130 1.17 
Tb 20.5 146 0.435 . 110 125 i .17 . 
Dy 22. 136 0.425 . 95 114 1.19 
Ho 23.2 129 .0.4 90 110 1.22. 
E r 21. 142.5 0.45 50 123.5 7.8 
Tb 25. 120 0.4 30 
* Hodgson *Clayet (I967) 
- _ _C_is._light v e l o c i t y . 
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An example of such a n a l y s i s of Tb room temperature data (shown i n Fig.. 
V.lf) i s shown i n Fig.Vl.6. 
The high energy extrapolation only s l i g h t l y influenced the r e s u l t s 
below 2.0eV; I t consisted of a broad maximum i n 6 ( W ) above 6.0eV. 
This was performed on most of the metals presently under investigation 
and the r e s u l t s are summarised i n the Table VI.2. A s i m i l a r a n a l y s i s 
was reported for Gd by Hodgson and Cleyet (19&9) and these r e s u l t s are 
als o presented for comparison. Values of the o p t i c a l conductivity .at 
zero frequency (£(0) are given i n the same units as for i n Chapter 
V* The numerical values of the .electron relaxation time t are i n t r o -
duced i n the form h/fc (eV) where h i s the Flank's constant. The 
r e s i s t i v i t i e s corresponding to the calculated <3(0) are i n remarkable 
agreement with the d.c. r e s i t i v i t i ' e s reported on the bulk materials 
for 6d t Tb, Dy and Ho. A somewhat low value for zero frequency 
for E r data i s rather s u r p r i s i n g since most o f the physical properties, 
as well as the RAPW energy bands of Er are very s i m i l a r to the r e s t of 
the heavy rare earths. However, the low temperature o p t i c a l data for 
t h i s metal show rather d i f f e r e n t features from the r e s t of the heavy 
rare earths. One could of course ask whether these discrepancies do 
not a r i s e from the. s t r a i n i n the films " b u i l t i n " during the evapora-
t i o n of t h i s metal. However, the pressure induced changes i n the r e s -
i s t i v i t y of Er have been found to be small as for the r e s t of heavy 
rare earths so that we found no reason why t h i s metal should show such 
d i f f e r e n t features from the r e s t of the heavy elements. One of the 
reasons may of course be due to the fact that a comparatively small 
number of specimens of t h i s metal were investigated and the absolute 
values of the o p t i c a l constants may not be s u f f i c i e n t l y precise for 
t h i s a n a l y s i s . 
The r e s i s t i v i t y values corresponding to the o p t i c a l conductivity 
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at zero frequency are found to be consistently higher than those cf d.c. 
r e s i s t i v i t y . This could arise front the fact that the residual r e s i s t i v i t y 
of the f i l m i s always higher than that of hulk material. Another source 
of the difference i s thought to arise from the j o i n t anisotropy of the 
electron v e l o c i t y and relaxation time at the Fermi surface. Free electron 
extrapolation of Yb data at low frequencies gave rather a poor f i t and 
/* 15 —1 
resulted i n comparatively small values ofO(O) = 4«5 * 10 sec .• This 
may be a t t r i b u t e d to the strong interband t r a n s i t i o n s which are l i k e l y t o 
occur at the photon energies below 0.5 eV as may be seen from the Fig. VI.5. . 
Free electron extrapolation of the Hd data f a i l e d probably because of the 
numerous t r a n s i t i o n s at 0.5 eV predicted from the above picture of the band 
structure of Nd. 
As may be seen from r e s u l t s i n Chapter V the free electron absorption 
was also s i g n i f i c a n t at photon energies below 0.5 eV even at low temperatures 
and was responsible f o r some of the d i f f i c u l t y i n obtaining accurate values 
f o r the s p l i t t i n g parameters of Dy f o r instance. 
An attempt was therefore made to extract the free electron absorption 
from low temperature r e s u l t s , using the fo l l o w i n g procedure (applied only -
to Dy and Tb). 
1) The low energy extrapolation of room temperature curves 6(l*i) using 
the free electron term (Eq, VI.2) gave values of aero frequency room 
temperature o p t i c a l conductivity <3(0) and relaxation time T. 
2) The low temperature values f o r ^ ( 0 ) were estimated from the d.c. 
values of conductivity G*. taken as being inversely proportional to the 
d« c. 
sheet resistance obtained experimentally (Fig.V.Ga fo r Tb; Fig.V.10 f o r " 
Dyy assuming that — ' '— i s approximately a constant function of temperature. 
^ d . c . 
3) 'Using E q . I I I . 13 the i s o t r o p i c relaxation time'Lis given 
13 
6 
«-3 
5.C 
I.S 
H i 
3o<fK 
300 9 K 
fi(o) afr.&xlo Sec 
Mo** 
6 t ° L | , ' - l . 0 l « i o *•« 
WSrt 
( y t ) MM 
1iw[ev] 
I'ig,'v'1.7. Krair.erj.--K.ro nig analysis of jy data. I'he procedure 
was the same as f o r Tb data. Low temperature <j(0) was deduced 
from the aata on Fig.V.'.O . :.he re l a x a t i o n t i a e T was defined 
using ZqJII.O a.3 discussed i n the t e x t . 
* * / /300 
7ig.VI.7a. Ssti-,.£tcs of the" interband c o n t r i b u t i o n to o p t i c a l 
conductivity & (y) of Tb at the temperatures shown. Ihe proce 
dure of e x t r a c t i o n v;as the same as used f o r Dy data shown i n 
Pig.VI.7. 
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FigiVI.8. Estimates of int.erbs.nQ contributions to the low tempe-
rature- o p t i c a l conductivity of Tb and Dy (from Pigs, VI.7 arid 
VI.7a)". 
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r£ _ a* 0 ( 0 ) 
e 2N 
(m* i s an average electron e f f e c t i v e mass at the Fermi surface, N i s 
the number of conduction electrons per u n i t volume). 
Assuming that the change i n m* due to cooling from 300°K to 77°K i s . 
much smaller than the change i n conductivity ^ ( 0 ) the low temperature 
value of relaxation time was estimated. Using the above assumptions we 
can w r i t e 
77°K 3O0°K 6 3 0 0 o K D > c : 
The results of the above procedure applied to Dy low temperature data 
from Fig.V.8 are shown i n Fig.VI.7* on the graph represents a 
Drude t a i l , G(CJ) - represents the estimated interband c o n t r i -
bution to the o p t i c a l conductivity. Similar r e s u l t s obtained from Tb 
data are shown i n Fig. VI.7a. Comparison- of the above estimates of 
low temperature interband contributions of Dy and Tb i s shown on Fig. 
VI.8. This shows the difference between low temperature interband 
absorption of these two metals i n the photon energy region 0.5eV to 
1.0eV as discussed i n sections 6.2, 6.3 etc. 
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CHAPTER V I I . 
CONCLUSION -
The r e s u l t s reported i n t h i s thesis show that i n general the o p t i c a l 
constants of the heavy rare earths change when the metal under investigation 
"becomes magnetically ordered. The nature of the changes does not.depend 
upon which of the magnetically ordered phases ( f e r r o - or antiferromagnetic) 
iB present, a r e s u l t which has been taken as indicating that o p t i c a l 
t r a n s i t i o n s at the energy gaps associated with superzone boundaries make 
no s i g n i f i c a n t contribution to the o p t i c a l behaviour. Rather, we believe 
that the dominant.contribution to the e f f e c t of magnetic ordering on the 
o p t i c a l properties arises from the exchange s p l i t t i n g of the conduction 
bands. Rather surprisingly, no evidence was found f o r changes associated 
with the very large magnetostriction which these metals possess. 
The exchange s p l i t t i n g of the bands has been estimated f o r gadolinium, 
terbium, dysprosium and holmium,. the results being i n good agreement-with 
th e o r e t i c a l predictions. Only an upper l i m i t to the magnitude of ithe 
s p l i t t i n g could be found f o r holmium and the value f o r erbium was unexpectedly 
high. 
At room temperature the overall absorption behaviour at low photon 
energies was dominated by the Drude contribution to the o p t i c a l conductivity 
and the zero frequency values ( 0 ) , obtained by extrapolation f o r 
each of . the- metals at t h i s temperature showed a similar dependence on 
atomic number to those obtained by the s t a t i c conductivity observa-
t i o n s . The absolute values of ^ ( 0 ) however were some 15/? larger than 
the s t a t i c values, an e f f e c t which'may arise from the j o i n t , anisotropy 
of the v e l o c i t y and relaxation time, at the Fermi surface. This conduction . 
electron scattering contribution was also s i g n i f i c a n t at low temperature 
and was responsible f o r some of the d i f f i c u l t y i n obtaining accurate values 
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f o r the exchange s p l i t t i n g parameters. 
Attempts were made to associate the magnetic peaks in<S(0). 
with t r a n s i t i o n s i n the AFW and RAPW band structures f o r these metals, 
but i n the absence of wave function data no unambiguous i d e n t i f i c a t i o n 
was possible. This was also the case f o r the broad peak near to 1.3 eV, 
which i s common to a l l the metals, and which d i d not appear to be changed 
by magnetic ordering. 
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CHAFTER V I I I 
SUGGESTION FQR FURTHER WORK 
The present r e s u l t s show that, i n general, o p t i c a l constants of 
the heavy rare earths change with magnetic ordering and that i n all 
p r o b a b i l i t y the dominant contribution to the o p t i c a l e f f e c t arises 
from the exchange s p l i t t i n g of the conduction band. I t also appears 
that the band gaps at superzone boundaries may not contribute to the 
o p t i c a l effects as iB also the case f o r the magnetostriction. The 
reasons f o r the iuuifiPui ITWIUIL of the magnetostriction i n .changing the 
o p t i c a l constants may- be understood through more detailed calculations 
of the energy band structure of the heavy rare earths f o r various 
l a t t i c e parameters and the evaluation of the. t r a n s i t i o n p r o b a b i l i t i e s 
f o r various parts of the zone. (This work i s already i n progress i n 
the laboratory). More extensive studies of the single c r y s t a l 
magnetooptical-properties are also necessary i f we are to understand 
the behaviour of pol y c r y s t a l l i n e f i l m s such as have been described, i n t h i s 
t h e s i s . The use of d i f f e r e n t i a l techniques i s capable of providing 
more d e t a i l i n the structure of absorption bands than conventional 
ellipsometry even though these techniques are more complicated to analyse. 
I t appears that the gaps at superzone boundaries lead to only a 
small contribution t o the o p t i c a l e f f e c t s of magnetization and i t w i l l 
be essential to employ d i f f e r e n t i a l techniques t o discover the form 
they take. 
I n order to complete the present investigation of the o p t i c a l 
properties at least f o r the f i r s t round i t i s necessary to continue 
f u r t h e r i n t o the i n f r a - r e d region. This work should give some 
in t e r e s t i n g data f o r Er and Tm at helium temperatures as may prove or 
disprove that the free electron lov; frequency extrapolation of 6 (w) 
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presently.used below 0.5eV was j u s t i f i a b l e . 
I n addition t c that shown above there i s a need f o r further 
examination of l i g h t rare earths. The f i r s t element to be 
tackled probably should be Eu because of the s i m p l i c i t y of i t s 
electronic structure and i t s r e l a t i v e l y high ordering temperature 
(90°K). I t would be especially i n t e r e s t i n g to compare the o p t i c a l 
e f f e c t s of magnetic ordering of Eu and the heavy rare earths.. 
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A.l 
APPENDIX A 
Symmetry of the conduction electron states 
The band structure of a paramagnetic metal i s derived from the one-
electron Bl.och equation. I f the spin orbit coupling i s not .included the 
Bloch equation i s i n the form 
A l 
r v v.' i | ( •' i f ~ C. V\L 1 I " i . XL S 
X 
V ( r ) i s the e f f e c t i v e one-electron potential with the t r a n s l a t i o n a l symra-
etry of the c r y s t a l l a t t i c e ; \n,k / • e u (k,r) are one electron 
Bloch functions; R. i s the conduction electron wave-vector; function u^Cl^r) 
has the t r a n s l a t i o n a l symmetry of the l a t t i c e ; n i s the band index of the. 
conduction band. Energy eigenvalues £ have the t r a n s l a t i o n a l symmetry 
of the reciprocal l a t t i c e * therefore the v a r i a t i o n of £^(k) with "k* over the f i r s t 
firillouin zone i s usually presented.- An- example of such v a r i a t i o n for Gd 
i s shown i n the F i g . I I S. I n addition to the t r a n s l a t i o n a l symmetry the Bloch equation i s invariant to the group of transformations which follow 
from the crystallographic symmetry of the l a t t i c e . This group of symmetry 
transformations of the Hamiltonian i n eq. Al i s isomorphic to the space 
group of the c r y s t a l . A t r i v a l e n t Rare earth c r y s t a l l a t t i c e has the 
hexagonal close packed structure and' the corresponding space group i s 
c a l l e d D^ (jov detailed description of t h i s group see .Cornwell(,1969) 
and E l l i o t Cl954j. 
Let us denote by T the symmetry transformation of the one electron 
.Hamiltonian. I n i t s most general form, T i s a rotation R(T) followed by 
a t r a n s l a t i o n t ( T ) . Transformation of the coordinates i s given by 
"r • = [R(T) I t ( T ) ] *r 3 T "r* A2 
Corresponding change of the wave function f(r*) can be represented by the 
operator P(T) where 
P(T) f ( r ) = f ( T ~ l ? ) A3 
Applied on the Bloch waves u^Ck*,?) e l l c" r t h i s i s equivalent to the 
transformation of the wave vector k' = Tk. Symmetry transformations T 
for which k* corresponds to the same k or an equivalent wave vector form 
a group G • This group w i l l always contain a l l the pure translations 
of the space group Dg h. E denotes the u n i t element of the 
r o t a t i o n group, t i s a t r a n s l a t i o n . 
A set of a l l l i n e a r l y independent, functions obtained from (n,*0 
I t 
by the symmetry transformations T of group G form a basis of the i r r e -
ducible representation of G . A representation i s called reducible i f 
i t s basis functions are not l i n e a r l y independent, i.e. a set of these 
functions can be reduced. The irr e d u c i b l e representations of the symm-
et r y group are i n the form of a square matrix with a minimum possible 
dimension. The traces of such matrices are characters of the repres-
entation* Indices of such representations corresponding to the d i f f e r -
ent energy eigenvalues E f o r k along the symmetry points and axes 
of the f i r s t B r i l l o u i n zone are shown i n the Fig. I I . 8 . There i s ah 
i n t e r n a t i o n a l l y agreed standard notation of those representations 
(Herring 19^2).- Seitz showed (Seitz 1937) that any ir r e d u c i b l e rep-
resentations can be based on a set of the above Bloch electron wave^ 
functions each of which represents an element t of the t r a n s l a t i o n 
group by exp(-ikT). For many of the pure translations i n the group of 
the c r y s t a l l a t t i c e exp(-ikT) i s unity when k i s the wavevector of a 
symmetry point i n the B r i l l o u i n zone (Cornwell 1969). The translations 
Tc k • 
which' have t h i s property form" an invariant subgroup T" , say, of G . 
Hence, a l l ir r e d u c i b l e representations of G for which the character 
associated with every t r a n s l a t i o n i n T i s equal to the dimension of 
the i r r e d u c i b l e representations may be obtained by considering the 
factor group Gk/T^. The characters of the i r r e d u c i b l e representations 
k v 
of G /T * can be calculated using r e l a t i o n s between the class m u l t i -
A.3 
p l i c a t i o n and character m u l t i p l i c a t i o n (Cornwell 1969)* The character 
-ft 
tables f o r the irr e d u c i b l e representations of such factor groups G /T 
corresponding to the hexagonal close packed l a t t i c e are given by Herring 
(19^2). 
These tables are extremely useful i n calculating the selection 
rules of o p t i c a l t r a n s i t i o n s * I t can also be shown (Cornwell 1969) 
that any Bloch wave corresponding to the p a r t i c u l a r energy eigenvalue 
E^fk) belongs to the certain i r r e d u c i b l e representation of the factor 
group 
A1 we know the i r r e d u c i b l e representation to which the solutio n belongs* 
Symmetry of r e l a t i v i s t i c conduction electron states 
Spin o r b i t s p l i t t i n g along with other r e l a t i v i s t i c e f f e c t s 
becomes important i n heavier elements where the outer electrons are 
r e l a t i v i s t i c . I n computing the symmetry group of the Hamiltbnian 
corresponding -to_the-.system of such electrons a Dirac Hamiltonian-& 
should be used (Loucks 1965). . I t can be approximated by a Pauli 
Harailtonian. The wave equation i s then given by (Callaway 196*0 
n 
G^/T^ i . e . i f we know the solutio n |n,lT> of the Bloch equation 
dill 4 v(?> + A-J<^ V x p6- "v v-?"] | y n,(r)=E (£) f . (?) 
2m l ^ c 2 1 " ^ J l a k - n - nk 
y - ^ ( r ) i s the Blqph wave function, n i s the band index, k electron 
wave vector, VC?) i s the e f f e c t i v e one electron p o t e n t i a l , (D are *5 
Pauli (2x2) matrices. E n ^ ) *-s t n e energy eigenvalue. 
The wavefunctions '•f'niJ of i n t e r e s t to us are not constant spinors, but 
rather may be represented by (Callaway 196*0 
^ = 1 
where A s 1, 2 are spin indices, v^ i s a Pauli spinor i n some coordi-. 
.nate system and (D^r) i s an ordinary function of position. I t s t i l l 
has a t r a n s l a t i o n a l symmetry of the c r y s t a l l a t t i c e . We can therefore 
obtain the symmetry properties of Ij-' ^ j * by considering the space group 
of the c r y s t a l S i m i l a r l y to that shown above for the n o n - r e l a t i v i s t i c 
case. 
A l l considerations including factor groups are therefore i d e n t i -
c a l to those above the only difference i s that the symmetry properties 
of spin functions have to be considered. Spin function responds only 
to the r o t a t i o n a l part R of a symmetry transformation T. I f the r o t a t -
ion R i s s p e c i f i e d by Euler angles ( 8 , ^  , vf* ) the transformation matrix 
of the spinor i s given by (Elliott ^Sk) 
•ai) 
(J = sinf-
A6* 
The transformation matrix of the function (Ea. A5) i s given by 
_. * 
the elements of the transformation matrix I ^ j ' * of i t s s p a t i a l part 
(j^JJk and matrix elements ^ ( H ^ • of the spinor part.'fi7a(I^Wat( 
•v*4 ,a i - - - ,s T (n k) __ * • This expression can 
be written i n the form of d i r e c t product representation Callaway (196*0 
A.5 
Half angles i n Eq.. A6* indicate the double valuedness of the 
matrix D 1 ( S ) . This corresponds to the two values of the spin for each 
s t a t e . The symmetry group i n t h i s case i s c a l l e d a double group. Con-
sequently the symmetry group for the non-spin case i s a single group* 
The s p l i t t i n g of degeneracies by spin orbit coupling 
- i ' .HI 
I t was shown by Eqs. Ab and Ab that representations of the 
double group can be derived from those of the single group by a d i r e c t 
product, i . e . 
p ; . r e © D J 
However, the d i r e c t product representation may not be i n general, i r r e -
ducible. The c r i t e r i o n for a representation being reducible i s 
2 i x o t f - j 
T 
T --
i n which, the sum i s over a l l elements^of the group, g is. the order of 
the- group. I f the representation P e (j) i s reducible i n the double 
group and I""* e i s i r r e d u c i b l e i n the single group,, the characters of the 
representation "P e x are the sums of the characters of some of the 
i r r e d u c i b l e representations ,sajj ^.We can write symbolically 
P h y s i c a l l y t h i s means that the l e v e l s with symmetry | are s p l i t by 
spin-orbit i n t e r a c t i o n into l e v e l s with symmetries j^x\ In the Table 
A{ are r e l a t i o n s between ir r e d u c i b l e representations of the single and 
double symmetry.groups corresponding to the hexagonal close packed 
c r y s t a l s . The notations of the representations are i n t e r n a t i o n a l l y 
agreed and t h e i r properties can be found i n Herring (19^2) and E l l i o t t 
(195*0. 
Table A1 (Reprinted from Dimmock et a l 1965) i 
Connection between the single and double group representations lor the symmetry points r, K, H and A In the Brillouln tone for the hexagonal close-packed structure • (after ELLIOTT, 1954)a. 
*1 r * L 3. 
r * ' r * 
. 4 LS 
w r * 8 X 8 *8 + A9 
K i . K2 K3 *4 . K5 K8 
K7 K8 *8, K8 + K9 
H l *3 ' 
He + H9 H4 + H6 + H8 Hg + H? + H 9 
H4, H6 and H g, are degenerate by time reversal. 
A * ' V ' ' A2 < A3 
p 
u Lx. 
A6 A6 A4 + A5+Afl 
A5 are degenerate by time reversal. 
P„ 
i 
P„ p, i 1 2 3 
P6 P6 W P 6 
The table i s used s i m i l a r l y to tables i n Appendix B.. 
Above each l i n e there are representations of a single group and under 
i t are corresponding i r r e d u c i b l e representations of the double group*. 
I f the l e v e l s are s p l i t by spin orbit coupling (as for instance I . " , 
H,, S.) into s e v e r a l l e v e l s , the symmetries of the s p l i t l e v e l s are 
denoted by +, e.g. r ~ i s s p l i t into the l e v e l s with symmetries I g , 
~; i s s p l i t into four l e v e l s Sg, S^, S^, S^ -. etc* 
E.1 
APPENDIX B 
Tables of the;, s e l e c t i o n r u l e s of d i r e c t interband,optical t r a n s l a t i o n s i n ' 
non-magnetic Rare Sarth metals 
Apart from the t r i v i a l s e l e c t i o n rule such as conservation of the 
spin and wave vector, the s e l e c t i o n rules are derived from character 
tables of the factor groups described i n Appendix A. 
With the help of some group t h e o r e t i c a l considerations that are 
e a s i l y found i n the l i t e r a t u r e (see for instance Cornwell (1969) ) one 
obtains a simple s e l e c t i o n r u l e for a d i r e c t o p t i c a l t r a n s i t i o n between 
the s t a t e s f i } and { , i . e . 
< ^ | H r a d | a > - c l f J = IA2A ( T )JH C i) CT) J j f r ) B1 
j rad 
a 0 for the forbidden t r a n s i t i o n s 
1 > J 
4 0 for the allowed dipole t r a n s i t i o n s . 
The sum i s over a l l elements 1 of the group-pf-symmetry traiisfoTmaCtions 
of the Blpch equation (see Appendix A); h i s the order of the groups. •• 
3^  ..(T), "][ ( T ) j are characters of i r r e d u c i b l e representations ( . ( T ) t 
V ^(T) of the group corresponding to the s t a t e s ) i? , ] respectively! 
^ JJ . i s character of the i r r e d u c i b l e representation ^ „ corresp-
rad rad 
onding to the symmetry of the electromagnetic i n t e r a c t i o n Ramiltonian 
\ a d * c ^ o s e examination of equation 111,1 gives that ^ r & ^ transforms, 
i n the same way as vector coordinates x,y,z; i . e . for the p o l a r i s a t i o n 
vector ^ along the.x-directipn ^ r a d has transformation properties of 
the x-axis e t c . For the hexagonal close packed l a t t i c e the vector coord-
inates x,y,a transform according to the i r r e d u c i b l e representations " l " ^ , 
T g» respectively. The representations of the .symmetry groups corr-
. esponding to the hexagonal close packed l a t t i c e are discussed i n Appendix A. 
The equation B1 can also be interpreted i n another way. I f "|"! , "T., 
B*2 
are corresponding i r r e d u c i b l e representations to the above 
rad 
characters, the optic a l ; i r a n s i t i o n s 1 O " — a * " 6 allowed i f and 
only i f the function ^ra^ I O n a s t n e s a m e symmetry as | , i . e . i f 
'p ; i s a d i r e c t product (Cornwell (1969) ) of ^ R and T 1 and we 
write T1 = T. ® TL 
J 1 H r a d 
For characters of the d i r e c t product the following r e l a t i o n holds |cejrhwell 
1 <T\ ® r H ) = 1 <rj) • x (T, > 
rad rad 
for any element of the symmetry group. This interpretation i s used i n 
the Appendix A and the tables B1 and B2 where the s e l e c t i o n r u l e s are 
tabulated* 
Table B1 Selection rules f or o p t i c a l dipole t r a n s i t i o n s at symmetry points of the 
B r i l l o u i n zone for h.c.p. non-magnetic c r y s t a l i n the absence of spin 
orbit coupling. x,y transform as z transforms as V ^ (Dimmock et 
a l (1965)) . 
Radiation 
\ 
*1 *1 ^  ' V : ' " 1 
z r - x r , . 
* 6 
- ^ . . • • r 6 
V " ' I ; K4 K 6 
z 
x , y 
Tl*Kt 
" -* \-
K 4 
K 5 
" K 3 .; •: •••• x e . 
. . K i + K 3 + K 6 
K 6 
K 2 + K 4 
• Kt 
M i . < ';. v -v.. 
z 
x , y 
" 4 . »l 
M l + M4 
L 2 
V 4 
. At ' A I A 2 A 3 ••V v H i ^ 3 
z .-.FjX'A, A i • A 3 "'• A 3 . I j X H r H x H 3 • . H 2 
i c , y r 6 x A l A 3 A 3 A 1 * A 2 ^ A 3 r9xHt H 2 + H 3 H l + »3 
Table B1 Continued: 
c. I , T 3 -
• • • . — 
z T, \ R 3 
s i a r 6 V T 3 , T„+T, 1 lj R+H2 
B.3 
The Table i s used as follows. Above each l i n e are i r r e d u c i b l e 
representations of the i n i t i a l state. 
Optical t r a n s i t i o n s between the 
two s t a t e j |i^uv*d|j7 > are allowed only i f the direct product I „ x 11' 
contains I .. For polarization of radiation along x,y ( i . e . i n the 
hexagonal plane) H^ a (j transforms as x,y which correspond* to the i r r e d u c i b l e 
representation Tg. For p o l a r i z a t i o n along the hexagonal ax i s ( z - a x i s ) 
H^ad corresponds to the ' ^ . The above table sa3d for instance that 
T*2 x ^ 5 contains T1^, i n other, words., i f polarization i s along z-axis 
and i n i t i a l state has a symmetry / g the.only allowed opt i c a l t r a n s i t i o n s 
•TI+- T~ rp~ -n + *77 r occur to the states with the symmetry ' g» I g x ' 5 contains ' , I ^ and 
Tg, i . e . on the other hand i f the i n i t i a l state | i) has a symmetry "P-g 
allowed o p t i c a l t r a n s i t i o n s occur to the states with symmetries ' ^, I ^ , 
TT e t c . (for polarization along x,y) . o 
Optical t r a n s i t i o n s in. a. .non-magnetic h.c.p. metal with spin orbit coupling 
included 
Since H r ag does not depend on spin the same holds for the r e l a t i v i s t i c 
A . • 71"" case: ^~ r a^ f° r t n e polarization along z-axis corresponds to ' ^ » along 
x.y^axes corresponds t o T ^. The s e l e c t i o n rules for dipole t r a n s i t i o n s 
i n the presence of the spin orbit coupling are given below as reprinted 
from "Dimmock et al.,(1965). 
i r r e d u c i b l e representations .which occur i n t h i s table are those °f 
the double group. The r e l a t i o n s between the representations of the single 
• and double group may be deduced from the equation A7 and Table A l . 
B.lf 
TABLE B2 
Selection rules for optical t r a n s i t i o n s i n a non-magnetic metal at the 
symmetry points L,T\K,H,A,P,S i n the presence of the spin-orbit coupling, 
[Dimmock ti.al (1565)] 
*1 n • L 3 U 
1 *1 . r ; 
Tl*T< r7+R8... U. 
• 
K7 K8 X» . • pc • • • V 2. 
K 8 K7 
K 8 + K„ K7+KD K 7 +K 8- . T> . • H '•• - v \ " 
H, : H4 '• ' H3 ' V - , H8 ' 
z r - x H < *. V . H8 
^ x i y H 9 ; ; / v - H 9 H 8 H 6 + H7 + H8 H 44H 6 + H9. 
' • A4 A5 * A 8 
r ^ x A < A 6 A4 A 6 
M A 8 A 8 V V A 8 ^ 3 . Sr 
The Table i s used i n a si m i l a r way as Table B l . 
C.I. 
APPENDIX C 
Computer programme . f o r ~ e c a l c u l a t i o n oi" o p t i c a l c o n s t a n t s 
o p t i c a l c o n d u c t i v i t y and d i l e c t r i c c o n s t a n t . 
3RTRAN IV G COMPILES MAIN -.'17-12-72 14:2U.40 PAGE CG01 
INTEGER CH,Nl2t.) 
REAL E1I5,. ),E2(5'"C).SIGMA(5i-. ),R(5< L ) fC(50i ) i C K l O i ) 
DATA Cl/2. 9755,2.91,2.84,2.79.2.74,2.69,2.645,2.6,2.555,2.52 5, 
1 2. 5,2.4 7, 2. 445, 2. 42. 2. 395. 2. 3t>5,2. 33,2. 3 . ,2.26,2.23,2.2*2.17,2.13, 
22.L 9,.2.^6,2.^2,1.98,1.94, 1.9:. ,1.85,1.B,1.75,1.7,1.65»i.6,1.545, 
31.495,1.44,1.38,1.33,1.2B.i:.23,1.18,lil3.l.fi8,l.C4,L-,995,£.953, 
4, .9.. 5,. . 86,0.8 1,:, .77,1. . 73.'-.69*!. . bb ,(.-. 63, j . 61 , . 59 . 56 5 . 55., 
5i .53, '.,.513,C.5,i" . 4 9 , 4 8 , .478,.472/ 
2 FORMAT (1H , I 4, 5X, F7. 3 , 5 X , F. l u . 4, 5X , E lb . 4 , 5 X , E10 .4 , 5 X , El"- .4 , 5X , 
1E1-.-.4.2X.F5. l,2X,f9.3,2X,E9.3) 
3 FORMAT(1H ,*CH',T11,'EV,T21,1 EPSLN1•,T36,* EPSLN2•,T51,* SIGMA* > 
• 1T68. 1 R *. T8 1,* RO'»T96,'DELTA'/I 
WR1TE(6,3) 
12C F0RMAT(F5.1) 
READ(5.12i. ) X X N O 
N ( 1) = 1 
READ!5,12)THFTA,N(2),N<3),N(4),N(5) 
THE TA= THET A"* 3.14159/180. 
12 F0RMATIF5.1,413) 
K = N(2J+ N(3> + N<4 ) + N (5) 
DO l<.: 1 = 1,K 
READ(5,1)CH,A,B,D,LAtLB 
1 FORMAT!14,3F5.1,214) 
ALA=LA 
ALB-L-B • 
AA= ALA/li-QO. + l . 
AB= ALB/10&0 * l . 
A=A*AA 
B=B*AB 
L= CH/5+16 
C(I )= CKL) 
R.G=SQRT< ABSIA/B) I 
Y=(A+B-2.*D)/(2.*S0RT(A*B)) 
S X N O = S Q R T ( X X N O ) 
IF (Y)5,4,6 
4 ELTA=3.14159/2. 
0ELTA=9fJ. 
GO TO 7 
5 ELTA=ATANISORT(ABS(1. , -V**2)/IY*+2 I )) 
DELTA= 18!j.- ELTA* 1 8i .'. /">. 14159 
GO.TO 7 
6 ELTA=ATAN( SORT ( ABS ( 1 • '. - Y**2 ) /( Y*»2) ) ) 
DELTA= ELTA*18^./3.14159 
7 . CONT I.NUE 
IF(R0-1.L)77,8,8 
8 F2( I )=-j. 
E 1 ( U = (TAN(THETA) )**2 - 2 ... * < SI Nl THET A J I **4/C0S ( THET A) **2/< 1 .+Y ) 
XNO = E 1 ( I ) * * ( - . 5 ) 
, El(1)=XNO -
' GO TO 8.) 
77 P = (1.'. +RO**2+2.C*P.O*Y)/( l... tR0**2-2.0*RO*Y) 
X = 2.' *«D*SIN(FLTAI/(1.'.--RU**2) 
F7PSLN1=P*( 1 ...-X**2 ) /( 1 .L+X**2 )*XXN0 FPSLN2=P*2. i. *X/( L . :. + X**2 )*XXNO 
El I I)SEPSLN!*{SIN(THETA)1**4/(COS!THE TA)) **2-SIN(THETA >**2 
C.Z. 
FORTRAN IV G COMPILER MAIN C7-12-72 14:20.40 PAGE CG02 
Li.49 E2(I)=EPSLN2*(SIN(THETA)**4»/C0S(THETA)**2 
-.50 8- CONTINUE 
-.•51 ALM8 = I.239/C{ I ) 
.,52 SIGMA! I )= £2( I )/(2.*ALMB) 
L.,53 Z = S0*T(E1 ( I )**2»-E2( I ) **2) 
il_54 ZN=S0RT(APS(E1(II+Zl/2. ) 
.;:55 P(I J = <Z*SXNO-2.*ZN>/(Z*SXNO*-2.*ZN» 
j„56 WRITE(6t2)CH,C(l)tBl(I)fF2( I)>SIGMA(I),R(I),R0,DELTA,P,X 
: •. 57 • 1-, CONTINUE 
:.;58 E1M1N = E1(1) 
^.59 E1MAX=E1(1) 
:..".6C E2KIN = E2(1) 
./.•6i E2MAX = E2(1) 
LObZ SMIN=SIGMA<1) 
C:.:63 SMAX=SIGMA(1I 
w 6 4 DO 9 1=2, K 
• I F ( E l M I N - B l - ( m i i : i f l C l i i C 2 
L.'L66 i:..2 F1M IN = E1 ( I ) 
:.'Jb7 1C I IF(EIMAX-Ei( I ) I K3.K4.1C4 
UU68 1«J 3 E1MAX=E1 ( I ) 
CG69 l ! 4 IF(E2MIN-E2tI) )1;;5,1C,5,1C6 
IJQTO If ft E2MIN=fc"2-( I ) 
L-C71 !..5 IF ( E2MAX-E2 ( I )) 1.7, lC 8,108 
il-072 1-7 E2MAX=E2( I I 
^773 ]i.8 IF(SMIN-SIGMAlI))11C,110,109 
1/074 K 9 SMIN= SIGMAUI 
0C75 I K IF( SMAX-SIGMAlI) > 111 ,9,9 
i-C-76 l i l SMAX=SIGMA(I) 
CC-77 9 CONTINUE 
G-.-78 IFtABS(ElMAX)-ABS<EiHIN))91,92,92 
£079 91 E1SP= ABS(EIMIN) 
008D GO TO 93 
Z±8l 92 E1SP= ABS(E1MAX) 
0-jBZ 93 CONTINUE 
1- 083 NN = ElSP/20* 
i.i,84 NN=NN+1 
£,0 85 E1SP-NN*2D 
0*86 FCTE1= E1SP/2. 
t.087 • FCTE2= E2MAX/4. 
D./88 FCTS = SMAX/4. 
•.;:i89 FCE2= iij./FCTE2 
!.u90 FCEi= 2.1./FCTE1 
L091 FCS=5./FCTS 
L V.:92 11 FORMAT (1H , E9. 4, l'.-X.EU ,4 , 1CX , ElO.4 J 
.!J93 94 WRITE 16,11) E i SP , E2VAX , S.MAX 
..^ 94 ' CALL ?AXIS(l.i:.,.5,'F:!.' ,2,4. ,9... ,-El SP, FCTE1 , FCEl » 
0095 CALL PAXIS ( l . u ,5. , ' SIGN.A'. 5,4. ,9.,. ,•• . ,FCTS.FCS) 
VL-96 CALL PAXlSd.L,,..5,'PHOTON ENERGY • 13 ,12 . , t .0 , L .0 t<; * 2 5, 2 . 1 
1.097 j = l 
1.098 CALL PLTOFSCO.^,' . 25, . •„ , FCTE1,1. , 2 . 5) 
:ji.99 CALL PUNE(C(N( J) ) ,E1. ( N( J) • ,NI J + l ) ,1,-1, J,99.91 
CV.-L- CALL PLTi1FS(t-...,-. .25,- . i . ,FCTS,1. ,5. ) 
•.•101 CALL PL I N t i C(N< J) > , S I GMA ( N ( J ) ) , N ( J +1) , 1 , - 1 , J , 99. 9 ) 
j l i 2 . " • NIJ+l)=N(JH>+N<J) 
'..103 J = J + 1 ' . 
FORTRAN IV G COMPILER MAIN C7-12-72 14:2'... Vj 
* i:i4 CALL PLTC)FS(. . ,L , _ . 25,.,.FCTEl,i.,2.5i 
C-1L5 CALL PLINE!C<N(J)l .EKN(J) ) ,N(J + i ) , l f -1, J ,99.9) 
r. is; 6 CALL PLTGFSJ: .v.... 25,:..... ,FCTS,1. ,5. 1 
CALL PLINE(CIN(J»» . SiGMAtNl J) ) ,-NIMI • 1. - I , J,99.9) :!1C;8 N(J+l)=N(J+1)+N(J) 
C 1C9 J = J + L 
OHO CALL PLTCFSIv.Cf". 25,.; ,FCTE1,1.,2.5) 
: i n CALL PL INE(C(N(J)) ,E1(NU)),N(J + 1 ) , 1 , - 1 »J ,99.9) 
J112 
' . i l l 3 CALL PL INE(C(N < J)) , SIGMA(N(J)),N(J+1) , 1 , -1,J,99.9) 
•J 114 N( J+l ) = N U U »+N( J ) 
-115 J = J+1 
J 116 CALL PLTOFS<( .C *0. 25,..: ,FCTE1 , 1 . ,2.5) 
; 117 CALL PLINE(C(N(J)I • EKNU) ),N(J+l) , 1,-1,J ,99.9) 
,;118 CALL PLTOFSICCC . 2 5 , i i . i. ' , FCTS,1., 5. 1 
0119 CALL PLINE(C(N(JM • SIGMAINU) ) ,N(J+1) , 1 , -1,J,99.91 
G12G- CALL • PLTEND 
0121 STOP 
•. 122 FNO 
TOTAL MEMORY REQUIREMENTS 0G3988 BYTES 
XECUTION TERMINATED 
D.1 
Appendix D 
Macroscopic d e f i n i t i o n of o p t i c a l constants 
The behaviour of the electromagnetic wave (at o p t i c a l frequencies) i s 
determined by Maxwell's equations* I f B, H, D, E are magnetic induction, 
magnetic f i e l d , e l e c t r i c induction and e l e c t r i c f i e l d respectively- than 
divD a 0 
divB* = 0 
c u r l E = -1/c ( «?B/ ^ t ) 
CurlK = 1/c ( '311/ V t ) . ;+ p - T * o 
For the o p t i c a l frequencies the magnetic permeability i s equal to 
unity and the behaviour of an electromagnetic wave i n the absorbing 
substance i n question i s f u l l y determined by i t s e l e c t r i c a l component* 
The r e l a t i o n between D and E i n i t s general form i s given by [Landau J. 
Lijshifi (1960)] <X5 
Dj( x , t ) « E j ( x , t ) + i ^ f j f i j ( ' C ) \ ( x , t - T ) d t D2 
where i , j represent component indexes of the rectangular coordinate 
system. For an electromagnetic wave of a single frequency 
l ? ( x . , U f t ) = E^, e x p ( i ( c ^ t - l ? r a d r ) D2a 
where k r a < j i s the propagation wavevector, in-general, complex. The 
above material c h a r a c t e r i s t i c i s given by [ L a n d a u I L i f s i t i ClStoT] 
3 
T 
where .(CJ) = 1 + \ f. .(TT i UcF'~-is a tensor of the complex . VtJ i' i»3 « o 
d i e l e c t r i c constant* Very often t h i s tensor i s related to the tensor 
• . 0 to 
of the complex conductivity U^CcO) a U f c ^ 6 0 ^ + ^ k j ^ 0 ^ 
which i s given by the r e l a t i o n between the E(x, *•> ,t) and the current 
density 
J ( x , t ) = T 6, E . ( x f U , t ) . D«f 
and 
The d i e l e c t r i c constant tensor i s i n general a complex number. The 
r e l a t i o n between the real- and imaginary part i s given by a Krammers— 
Kronig r e l a t i o n (Landau & L i f s h i t z 1960) i . e . i f 
I f l Cl) .. 
W W ) 3 £ l k ( t J ) + i£lk ( U ) • D 6 j k w ' ^ j V ' * v ^ j k
.( 
then 
(2) „,' 
j k " J (co* ) 2 - a>2 
The energy d i s s i p a t i o n of an electromagnetic f i e l d of a si n g l e o p t i c a l 
frequency per unit time i s given by (.Landau & L i f s h i t z 1960) 
(E_.) i s a complex, conjugate of E. ^ 3«^ ' 12-t3 
wheret^E° are components of amplitude of the single frequency e l e c t r o -
magnetic wave and ) i s the r e a l part of the o p t i c a l cond-
u c t i v i t y . I n the following * we mainly 4eal with p o l y c r y s t a l l i n e 
f i l m s . 
When discussing experimental technique and r e s u l t s i n the 
D 3 
chapters IV, V and VI* we r e f e r to the i s o t r o p i c average of the complex 
d i e l e c t r i c constant* 
The usual notation used i n these chapters i s given below: 
The imaginary and r e a l parts of the average d i e l e c t r i c constant £• are 
referred as £ .,» £• j respectively i . e . 
£ (U)) = £ ( + i £ 2 a n 2 - k 2 + i2nk D10 
where n and k are averages of the o p t i c a l constants i n the usual 
notation.. The r e s u l t s i n chapter V are presented i n the form of the 
s p e c t r a l variations of the r e a l part of the d i e l e c t r i c constant 
and r e a l part of the average o p t i c a l conductivity 6(^) 
• t+TT 2LTT 
Reflection and Refraction of Electromagnetic Waves from metallic 
p o l y c r v s t a l l i n e films 
I n the present work the o p t i c a l constants of Rare Earth metals were 
determined by a polarimetric r e f l e c t i o n method. This method consists 
of the study of e l l l p t i c a l l y polarized radiation r e f l e c t e d from the 
met a l l i c f i l m surface. The s i t u a t i o n i s shown i n the F i g D .1. The 
coordinate system i s chosen so that axes z and y l i e i n the plane of 
r e f e l e c t i o n . The angle of incidence i s ^ . E l e c t r i c a l components 
w 
of the incident electromagnetic wave perpendicular and p a r a l l e l to 
* • 
the plane of incidence are E^°^ and r e s p e c t i v e l y . Corresponding 
s p 

D k 
(1) (1) components of the r e f l e c t e d wave are E , E p. The r e l a t i o n s between 6 
the amplitudes of the r e f l e c t e d and the incident waves are given by 
Fresnel's formulae (since the films used i n the present work are highly 
p o l y c r y s t a l l i n e , we do not consider anisotropy of the o p t i c a l constants) 
^Landau & l i f s h i t z (1960^-
(T0 coa f - / £ » £ o sinTf 
(JT cos u + i £ - £ q s i n ^ , 
R = - r ^ r = - — ^ : =-H : D12 
s 
R P 
?(1)_ g :cos^-Vr57 V6 - £ 0 s i n 2 y 
eco 8,y +{T0it -£o 8 i n V 
£ i s the complex d i e l e c t r i c constant of the metallic material under 
inve s t i g a t i o n . £ i s the d i e l e c t r i c constant of the surrounding 
medium* "R^ , R^ "are generally "complex numbers.- "THeir -rat±lT"can —ba"^ 
given i n the form . 
B8 • i 2 \ 
p 
D13 
i s a l s o a complex number. The phase A and .the absolute value 
are i n general dependent on the frequency of the radiation. I f the 
incident r adiation i s plane polarised the radiation r e f l e c t e d from 
i 
the surface i s generally e l l i p t i c a l l y polarised and parameters of that 
e l l i p s e given by and "A - are determined by the d i e l e c t r i c constants 
£ ^ £ Q and the angle of incidence <p . The determination of the 
complex d i e l e c t r i c constants from measured and A . and known 
£ o and ^ i s the p r i n c i p l e of the. polarimetrie method-described i n 
D 5 
chapter IV. 
The r e f l e c t i o n c o e f f i c i e n t R i s defined as the time average r a t i o of 
the energy f l u x r e f l e c t e d from the surface to the incident flux* For 
normal incidence R i s given by (Landau & L i f s h i t z 1960) 
2 
R = — — — • . D1*f 
IF. • I 
£ i £ „ are the above defined d i e l e c t r i c constants, o 
APPENDIX E 
Computer programme f o r the Kramers-Kronig i n t e g r a l . 
-•I •!» 1 k r k r 
> 1 DIMENSION 3 1 GFIAC 200 ) 
> ' 4- Dir-iEUSlOH DIELECC.OO) 
> 3 nEAn(7,4}3lGMA0,TAV,dl ,d r t>dR,d3 
> . 1+ 4 l-ORnAT(2E10.4 /4 !3 ) 
> 5 DO 11 0=1,200 
> 0 Sd = d 
> 6.1 Sd=Sd/10.-3.9954 
> 7 SlGMA(d)=3if3MA0/(EXP(2.*3d)*TAV*'*2 + l . ) . 
> 7.1 EV=EXP(Sd) 
> 7.2 I F(EV-0.2)11, 12,12. 
> 7 . 3 12 lKEV-9* S)13, 13,11 
> 7.4 . 13 WR 1 TE (G , 14 ) EV, S 1 GMA(J ) 
> 7.5 14 FORMAT(lii , F5.2,1X,E10.4) 
> 8 11 Dl ELEC ( d ) = l . . 
> Q" DO 100 dh=9,JS 
> 10 dA=d.M*10-10+l 
> 11 Ji'.=JA+9 
> 12 REA0(5, 3 ) (SlGMA(d ) , d=dA,dB) 
FORMAT (10F5.2) > 13 3 
l i t 5 f-OIW'.ATC 10+872) . 
> 15 100 CONTINUE 
> 16 2 FORMAT(4 1 5//) 
> 17 • REAR(5,6 )11 ,13 
> 18 6 FORI'.AT(2l 2) 
> 13 DO 10 3 dP=l 1 , IS 
> 20 lA=dP*lC-9 
> 21 MB = lA+9 
> 22 READ(5,3) (D1ELEC(dDE),dDE=1 A,ID) 
> 23 103 CONTINUE 
> 24 8 FORHATC 2 1 4 / ) 
> 25 DO 101 dO=dl, d.N 
> 26 SUM=0. 
> 27 • DO .102 d = l , dR 
> 32 10 S=d 
> 3 3 3=3/10. 
> 31* EXPE3=(EXP(5)-EXP(-S))./2. 
> ::35.. . SUi'i=--SUM+ (3 1^•iA( dO+d)-S!GMA<JO-d ) )./EXPES 
' *36 '-' 1' "•'•102' : 30=dd " ".. '' " : ' • • 
> 37 50=30/10. 
> 3S SUM=(CSUf'!*2000. ) / ( 3 . 1416*EXP(SO) ) ) + l . EV = EXP(SO-5. 99.54 ) > 33 
> 40 D 1 FF ER = D1 ELEC(dO)+SUM 
>. U l PERCNT=DIFFER*100 . /DlELEC(dO) 
> h2 ) - WR 1 TEC 6, 7 ) SO, D 1 F-F ER, SUM, PERCNT, D 1 ELEC( dO) , 3 1 H.MACdO) 
> 1*3 7 FORHATC 7F 7.2) 
> 101 CONTINUE 
> 45 STOP 
> 46 END 
